Formation of massive stars under protostellar radiation feedback: Very
  metal-poor stars by Fukushima, Hajime et al.
MNRAS 000,– (2018) Preprint 7 April 2020 Compiled using MNRAS L ATEX style file v3.0
Formation of massive stars under protostellar radiation
feedback: Very metal-poor stars
Hajime Fukushima1,2,4? , Takashi Hosokawa2, Gen Chiaki3, Kazuyuki Omukai4,
Naoki Yoshida5,6 and Rolf Kuiper7
1Center for Computational Sciences, University of Tsukuba, Ten-nodai, 1-1-1 Tsukuba, Ibaraki 305-8577, Japan
2Department of Physics, Kyoto University, Sakyo, Kyoto 606-8502, Japan
3Center for Relativistic Astrophysics, School of Physics, Georgia Institute of Technology, Atlanta, GA 30332, USA
4Astronomical Institute, Graduate School of Science, Tohoku University, Aoba, Sendai 980-8578, Japan
5Department of Physics, School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan
6Kavli Institute for the Physics and Mathematics of the Universe (WPI), UT Institute for Advanced Study, The University of Tokyo,
Kashiwa, Chiba 277-8583, Japan
7Institute of Astronomy and Astrophysics, University of Tu¨bingen, Auf der Morgenstelle 10, D-72076 Tu¨bingen, Germany
Accepted XXX. Received YYY; in original form ZZZ
ABSTRACT
We study the formation of very metal-poor stars under protostellar radiative feedback
effect. We use cosmological simulations to identify low-mass dark matter halos and
star-forming gas clouds within them. We then follow protostar formation and the sub-
sequent long-term mass accretion phase of over one million years using two-dimensional
radiation-hydrodynamics simulations. We show that the critical physical process that
sets the final mass is formation and expansion of a bipolar Hii region. The process is
similar to the formation of massive primordial stars, but radiation pressure exerted on
dust grains also contributes to halting the accretion flow in the low-metallicity case.
We find that the net feedback effect in the case with metallicity Z = 10−2 Z is stronger
than in the case with Z ∼ 1 Z. With decreasing metallicity, the radiation pressure
effect becomes weaker, but photoionization heating of the circumstellar gas is more
efficient owing to the reduced dust attenuation. In the case with Z = 10−2 Z, the
central star grows as massive as 200 solar-masses, similarly to the case of primordial
star formation. We conclude that metal-poor stars with a few hundred solar masses
can be formed by gas accretion despite the strong radiative feedback.
Key words:
1 INTRODUCTION
Massive stars cause a variety of feedback effects to their
surroundings. Radiation and mechanical energy input from
them affect the structure and evolution of the interstel-
lar medium, and regulate the galactic-scale star formation.
Heavy elements synthesized in stellar interior are ejected by
stellar wind and supernova explosions, to drive the galactic
and cosmic chemical evolution. It is expected that massive
stars play an important role in galaxy formation in the early
universe through the feedback processes.
Formation of massive primordial stars has been stud-
ied theoretically by a number of authors. The gravitational
collapse of a chemically pristine gas cloud induced by H2
and HD molecular cooling (e.g.,;
et al.;,) results in the for-
? E-mail:fukushima@ccs.tsukuba.ac.jp
mation of a protostar at the center when the gas density
exceeds ∼ 1020 cm−3 (e.g.,;
et al.). Although the newly-born protostar is initially
very small, it rapidly grows in mass by accreting the gas
from the surrounding envelope at a rate approximated as
ÛM∗ ∼ c3s /G ∝ T3/2, where cs and T are the sound speed and
temperature in the star-forming cloud. The typical temper-
ature in the primordial case, T ' 300 K, yields a large accre-
tion rate of ÛM ∼ 10−3 M yr−1; a 10 M star can be formed
in just about ten thousand years.
The final mass of the forming star is set when the ac-
cretion is terminated. Radiation from the protostar heats up
the surrounding gas, exerts radiation force onto it, and even-
tually halt the accretion flow. Photoionization is the primary
feedback effect in primordial star formation. Although pho-
toionization heating was considered to be ineffective under
the assumption of spherical symmetry (e.g.,
rfield;), recent studies suggest
© 2018 The Authors
ar
X
iv
:2
00
4.
02
36
4v
1 
 [a
str
o-
ph
.G
A]
  6
 A
pr
 20
20
2 Fukushima et al.
that it is strong enough to terminate gas accretion in a real-
istic case with disk accretion (;
et al.),
When a protostar is surrounded by a circumstellar disk,
Hii regions are launched in the polar directions of the disk,
where the density is relatively low, and then expand into
the outer envelope. Consequently, the disk begins to be di-
rectly exposed to the stellar ionizing radiation, and is even-
tually destroyed by photoevaporation. The final stellar mass
is typically large, and often exceeds a few tens solar-masses
in many cases (e.g.,;).
Statistical studies using a suite of cosmological simulations
show the stellar mass distribution extends broadly from 10
to 1000 M (,;).
Very massive stars with ∼ 100 M are also found form-
ing in the present-day universe, from gas that contains heavy
elements and dust grains (e.g.,).
Observations suggest that the very massive stars form via
rapid mass accretion at a rate of 10−4 − 10−2 M yr−1 (e.g.,Fuller et al.;). Such a rate is much
higher than that expected from the typical gas temperature
T ∼ 10 K, and, by coincidence, is comparable to the theoret-
ically expected rate in primordial star formation.
In a metal-enriched gas, radiation pressure on dust
grains is thought to be of primarily importance. Theoret-
ical studies suggest that radiation pressure is so strong that
the mass accretion is halted before the stellar mass exceeds
' 30 M in the case of spherical symmetry (e.g.,
Starrfield;;;
& Cassinelli). Interestingly, more recent studies that
consider multi-dimensional effects show overall weakening of
the feedback effect. Two and three-dimensional radiation-
hydrodynamics (RHD) simulations show consistently that
the stellar mass growth via disk accretion continues well
beyond 30 M (e.g.,;
denheimer;;,2012;;;2017). However, the photoionization effect has not been in-
corporated into these studies. The effect has been studied
only as a minor or a secondary feedback process (e.g.,2003;,). Coupled, the nonlinear ef-
fects of radiation pressure and photoionization are investi-
gated by () using 2D RHD sim-
ulations. They find that the photoionization works against
the radiation-pressure feedback, and the net effect is to pro-
mote more efficient stellar mass growth than only with the
radiation-pressure effect.
There are a number of differences in detailed mecha-
nisms and in the strength of radiative feedback on massive
star formation between the primordial star formation and
in the present-day (Z ∼ Z) environment. An important
question then arises: is massive star formation in metal-poor
environments similar to primordial/present-day star forma-
tion ? Low-metallicity star formation has been considered
in the literature, but mostly with interest in formation of
low-mass (. 1 M) stars as a result of fragmentation (e.g.,Bromm et al.;;2005;).High-mass stars may also form si-
multaneously in a low-metallicity gas cloud, and may play
a vital role in the first galaxies. In order to study forma-
tion of massive metal-poor stars, it is important to follow
the long-term evolution of the protostellar accretion. Radia-
tive feedback from growing protostars is likely dominant to
determine their final masses. ()
and () evaluate the strength of feed-
back effects assuming spherical symmetry for 0 ≤ Z ≤ 1 Z.
They show that photoionization is effective in regulating the
accretion flow in the range Z < Zcr ' 10−3−10−2 Z but radi-
ation pressure becomes more important at Z > Zcr.
et al. () uses a semi-analytic method to conclude that
the photoionization effect becomes less important with in-
creasing Z owing to dust attenuation of ionizing photons.
Because of the complex interplay between photoionization
and radiation pressure as mentioned in the above, it’d be
ideal or even necessary to perform multi-dimensional radi-
ation hydrodynamics simulations to draw a definite conclu-
sion.
In the present paper, we perform a suite of 2D RHD
simulations to study the formation of massive, very metal-
poor stars under radiative feedback. We first follow early
run-away collapse of a metal-enriched cloud in a cosmolog-
ical minihalo (see also), and then fol-
low the subsequent long-term (∼ Myr) accretion phase un-
der radiative feedback. Our simulations include both the
radiation-pressure and photoionization effects as in
& Hosokawa (), as well as relevant thermal and chemi-
cal processes in the very metal-poor gas. We show formation
of very massive stars, and identify the dominant feedback
mechanism that sets the final mass.
We organize the rest of the paper as follows. In Section2, we first describe the numerical method and initial condi-
tions of our simulations. The main results are presented in
Section. Finally, we discuss the implication of our results
and summarize our calculations in Section. We describe
some details of our numerical method in Appendix.
2 NUMERICAL METHOD
We use a modified version of the publicly available
(magneto-) hydrodynamics simulation code PLUTO 4.1
(). Our version incorporates self-gravity,
radiative transfer, non-equilibrium chemistry and protostel-
lar evolution, which has been successively implemented in
a series of works including (,),Hosokawa et al. (), and ().
These studies consider massive star formation with Z = Z
and Z = 0.
We adopt 2D polar coordinates assuming axial and mid-
plane symmetry as in previous studies (e.g.,2010b). As the radial inner boundary, we adopt a sink cell
which masks an accreting protostar evolving at the grid cen-
ter. We assume that the protostar grows in mass according
to the amount of the gas flowing into the sink. The radiation
emitted by the protostar is injected back into the computa-
tional domain, which causes radiative feedback against the
accretion flow. We solve the following governing equations
of compressible hydrodynamics:
∂ρ
∂t
+ ∇ · (ρv) = 0, (1)
∂ (ρv)
∂t
+ ∇ · (ρv ⊗ v) = −ρ∇Φ − ∇p + ρa, (2)
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∂e
∂t
+ ∇ · (ev) = −p∇ · v + Γ − Λ, (3)
p = (γ − 1) e, (4)
where ρ, p, v, Φ, e, Γ and Λ are the density, pressure, veloc-
ity, gravitational potential, the specific energy density, the
heating and cooling functions. In Equation (), a is the ac-
celeration source term induced by viscosity (avis) and by
radiation pressure (arad).
2.1 Non-equilibrium chemistry and thermal
processes
In addition to Equations ()-(), we solve the non-
equilibrium chemistry network with 9 species of H, H2, H−,
H+, e, C+, O, O+ and O2+ to compute the relevant heating
and cooling rates in Equation () (e.g.,;Nakatani et al.). We also calculate the specific heatγ s
a function of temperature and chemical abundances follow-
ing (). Complete lists of the adopted
chemistry network and relevant thermal processes are de-
scribed in Appendix. We here provide a brief summary.
In a low-metallicity gas cloud, thermal processes by
heavy elements significantly alter the structure of an accret-
ing envelope around a protostar. In our 2D RHD simula-
tions, it is infeasible to solve the full set of the chemical net-
work and to incorporate all the relevant thermal processes
because of high computational cost. We use a minimal model
that reproduces the thermal evolution of a collapsing dense
gas at various metallicities (e.g.,). Specif-
ically, we incorporate the radiative cooling via [Oi] 63 µm
and [Cii] 158 µm fine-structure line emission and dust ther-
mal emission. We assume that the dust-to-gas mass ratio is
0.01 at Z = Z and decreases in proportion to the metallic-
ity for Z < Z. We also consider the cooling via Oii and Oiii
line emission, which predominantly operate in Hii regions
at Z ∼ Z (e.g.,). Owing to this cooling,
temperature in the photoionized gas varies with different
metallicities: T ' 8000 K for Z = Z and T ' 3 × 104 K for
Z . 10−2 Z. To obtain the relative abundances among Oi,
Oii, and Oiii, we first assume that the relative abundance
of Oi is the same as that of Hi because the ionization ener-
gies of Oi and Hi are almost equal, and the relative Oii and
Oiii abundances are then calculated from the balance be-
tween the ionization of Oii and recombination of Oiii (also
see Appendix).
2.2 Angular momentum transport via α-viscosity
The accreting gas with finite angular momentum does
not directly hit the stellar surface, but first lands on a cir-
cumstellar disk. The central star mostly accretes the gas
through the disk, where the angular momentum transport
is driven by gravitational torque. Although the torque is
caused by non-axisymmetric mass distribution induced by
the gravitational instability, such an effect does not enter
automatically in our 2D simulations assuming axial sym-
metry. We use the so-called α-viscosity model (
Sunyaev) to mimic this effect, adding relevant accel-
eration and heating source terms in Equations () and ()
respectively (e.g.,). We assume the spatial
distribution of the α-parameter as
α(R, Z) = α0 exp
(
− Z
H(R)
)
, (5)
where (R, Z) = (r sin θ, r cos θ) and H(R) is the scale height
of the accretion disk at R. We calculate the scale height
with an approximate formula H(R) ' cs/Ω, where cs is the
sound speed and Ω is the rotational angular velocity on the
equator. In Equation (), we estimate α0 as
α0 = αmax exp(−Q4), (6)
where Q is the Toomre Q parameter ()
Q =
csΩ
piGΣ
, (7)
and we set αmax = 2 in our models (;Zhu et al.;). With the above mod-
eling, large α-viscosity operates only in the gravitationally
unstable disk where Q . 1.
A limitation of our method is inability to accurately
capture the disk fragmentation, which has been often ob-
served in 3D simulations of the primordial star formation
(e.g.,;;2011;;) and present-day star
formation (e.g.,,). Fortunately, simu-
lations also show that, even for such cases, most of fragments
rapidly migrate inward through the disk and accrete on the
central star (e.g.,;).
Thus our simulations are considered as limiting cases where
the fragments, if any, eventually all accrete onto the central
star. We have also found the “ring-like” fragmentation even
in our 2D simulations for Z = 10−3 Z and 10−2 Z. It may
be a signature of the physical disk fragmentation promoted
by additional cooling via dust thermal emission (e.g.,
& Omukai), but is more likely a spurious one because
the Jeans length is only poorly resolved for such cases. In
order to prevent this, we monitor Toomre Q parameter to
set a temperature floor to satisfy Q ≥ Qmin = 0.6. The floor
values are represented by the corresponding minimum sound
speed,
cs,min(R, Z) = QminpiGΣ
Ω
exp
(
− Z
H(R)
)
, (8)
where we assume the same spatial variation as in Equation
(). We note that such a temperature floor has no effect in
the primordial cases with Z = 0.
2.3 Protostellar evolution
A protostar emits a copious amount of radiation once
grown massive. The strength of the resulting radiative feed-
back against the accretion flow thus depends on the pro-
tostellar evolution. We utilize tabulated stellar evolution
tracks, which are pre-calculated with constant accretion
rates of 10−5 − 10−1 Myr−1 at various metallicities, us-
ing the numerical model developed in our previous studies
(,). The tracks provide the stel-
lar radius R∗ and luminosity L∗ as functions of the stellar
mass and accretion rate.
The protostellar evolution modeling relying on the pre-
calculated tables could show spurious behavior because it
MNRAS 000,– (2018)
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Table 1. Models considered
model NR · Nθ rsink [ au ] rout [ pc ] Z∗ [ Z ] M [M ] Feedback
ZP 150 · 40 30 1 0 560 RPa, PIb
ZPn 150 · 40 30 1 0 > 820 NOc
Z-3 150 · 40 30 1 10−3 440 RP, PI
Z-3n 150 · 40 30 1 10−3 > 900 NO
Z-2 150 · 40 30 3 10−2 190 RP, PI
Z-2n 150 · 40 30 3 10−2 > 670 NO
Z-2RP 150 · 40 30 3 10−2 > 500 RP
Z-2PI 150 · 40 30 3 10−2 240 PI
Z-2PI2 150 · 40 30 3 10−2 180 PI, w/o dustd
Z-1m 150 · 40 30 3 10−2 → 0.1 e 290 RP, PI
Z0m 150 · 40 30 3 10−2 → 1 f 360 RP, PI
ZPm 150 · 40 30 1 10−3 → 0 g 400 RP, PI
ZPh 240 · 60 30 1 0 520 RP, PI
ZPr10 150 · 40 10 1 0 RP, PI
Notes -. Column 2: cell numbers, Column 3: sink radii, Column 4: position of the radial outer boundary, Column 5: metallicity, Column
6: final stellar masses, Column 7: feedback mechanisms included
aSuffix ”RP” represents radiation-pressure feedback
bSuffix ”PI” represents photoionization feedback
cSuffix ”NO” represents no radiation feedback included in simulations
dSuffix ”w/o dust” represents the dust attenuation of ionizing photons is not included
e-g The metallicity is changed as indicated at the beginning of the accretion stage
ignores accretion histories. In order to alleviate it, we here
use the accretion rate averaged over the characteristic evo-
lutionary timescale ∆t∗. We always monitor the so-called
Kelvin-Helmholtz (KH) timescale tKH = (GM2∗ )/(R∗L∗) and
accretion timescale tacc = M∗/ ÛM∗, and assume
∆t∗ = 0.1 ×min(tKH, tacc). (9)
2.4 Radiative transfer
In order to consider both the photoionization and
radiation-pressure effects from the accreting protostar, we
solve the frequency-dependent radiative transfer for stellar
irradiation by the following method. We inject photons from
the sink cell to the computational domain at the rate
Ltot∗ = L∗ + Lacc, (10)
where L∗ is the stellar luminosity and Lacc ≡ GM∗ ÛM∗/R∗ is
the accretion luminosity. The radiation spectrum is assumed
to be thermal black-body Ltot∗,ν ∝ Bν(Teff), where Teff is the
effective temperature defined as
Teff =
(
Ltot∗
4piσR2∗
)1/4
. (11)
Assumption of the thermal black-body radiation could over-
estimate the emissivity of ionizing photons at Z ∼ Z ow-
ing to the line-blanketing effect, especially for stars with
M∗ ∼ 10 M (e.g.,). This approxima-
tion should be valid in our cases since we mainly consider the
feedback from more massive stars exceeding 100 M. We use
a hybrid method where the direct light emitted from the cen-
tral star and diffuse light re-emitted from the accretion en-
velope are separately solved (e.g.,,). We
solve the transfer of the stellar direct component by means
of the ray-tracing method,
Fν(r) =
Ltot∗,ν
4pir2
e−τν , (12)
where Fν(r) is the flux at the radial position r and τν is the
optical depth
τν =
∫ r
rin
[nHIσHI(ν) + ρκd(ν)] dr, (13)
where σHI(ν) is the Hi photoionization cross section (e.g.,Osterbrock),κd(ν) the dust opacity given by
Draine (), and rin the sink radius. We assume that the
dust-to-gas mass ratio decreases with decreasing metallici-
ties, linearly scaling with Z. The dust opacity is determined
by the scaled dust-to-gas mass ratio. We also assume that
photons freely travel without attenuation for R∗ < r < rin.
We set 200 logarithmically spaced wavelength bins between
0.03 cm and 1.5 nm, achieving the higher resolution for the
shorter wavelengths. The hydrogen photoionization rate is
calculated by integrating the contributions by photons be-
low the Lyman limit, i.e., 91.2 nm (Appendix). Re-
garding the photodissociation of hydrogen molecules, we do
not use Fν(r) because our wavelength grids are too sparse to
resolve the Lyman-Werner bands. We instead consider an-
other monochromatic direct component representing FUV
(11.2 eV ≤ hν ≤ 13.6 eV) photons,
FFUV(r) = LFUV
4pir2
exp(−τd,FUV), (14)
where LFUV is the luminosity in the FUV wavelength range,
and τd,FUV is the dust opacity represented by the value at λ =
100 nm. The photodissociation rate of hydrogen molecules is
estimated with the flux FFUV, including the H2 self-shielding.
The details of the calculation are shown in Appendix
The dust thermal radiation emitted from the accretion
envelope is only the diffuse component considered here. We
approximately solve the transfer of such diffuse light using
the gray flux-limited diffusion (FLD) method (
& Pomraning), with the solver developed by
et al. (). This computation is performed except for the
MNRAS 000,– (2018)
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primordial cases where there are no dust grains. The ob-
tained radiation fields, including both the direct and diffuse
components, are used to calculate the acceleration source
term arad in Equation () and dust temperature Tgr (see Ap-
pendix).
2.5 Evolution before the birth of a protostar
We generate the initial conditions for our 2D simula-
tions using an output of the cosmological simulation per-
formed by (), who investigated statisti-
cal properties of a large number (> 100) of primordial star-
forming clouds in a simulation box of 1 Mpc on a side. The
cosmological simulations were run with N-body/SPH solver
GADGET-2 () coupled with non-equilibrium
chemistry network to follow the cloud formation in minihalos
(e.g.,). We select a cloud that collapses
at redshift ' 20.46 over the short timescale tcol ' 2 tcol,0,
where tcol,0 = 1/
√
24piGρ. The cloud has one of the shortest
collapse timescale among the 100 samples in simulations ofHirano et al. (). Disk fragmentation can be suppressed
by rapid gas accretion (, ; Chiaki & Yoshida
in prep.). Therefore, our 2D axisymmetric simulations can
follow the accretion-phase evolution accurately. While
rano et al. () has followed the cloud collapse to the birth
of a protostar, we here use the earlier snapshot at the epoch
when the central density is still nH = 187 cm−3.
We enrich the gas cloud with a fixed amount of met-
als homogeneously distributed over the entire cloud at this
moment. We run and examine two cases with metallicity
Z = 10−3 Z or 10−2 Z. () show that
such a situation is realized when a primordial cloud is en-
gulfed internally by a supernova explosion. We also run a
reference simulation where the subsequent evolution is fol-
lowed with the primordial composition. Further cloud col-
lapse is followed with the same method as in
(), using a modified version of GADGET-2 including
additional physics that operates with heavy elements. We
consider an extended chemistry network with 27 gas-phase
species, H+, e, H, H−, H2, D+, D, HD, C+, C, CH, CH2, CO+,
CO, CO2, O+, O, OH+, OH, H2O+, H2O, H3O+, O+2 , O2, Si,
SiO, and SiO2. We also adopt the model of
() for dust grains with the same size distribution ofOmukai (). We do not consider the contribution of ice
and organic dust grains for simplicity. These species are ex-
pected to remain only in the inner regions of clouds with
Z = 10−3 Z or 10−2 Z because their sublimation tempera-
tures are ∼ 300−700 K (). In
(), 55% of carbon is locked up into refractory organics.
Although the budget of carbonaceous grains is uncertain.
We assume that the same fraction of carbon is locked in
amorphous carbon grains. The optical constants of amor-
phous carbon and ice/organics are almost similar (
et al.). Therefore, the thermal evolution of the cloud is
almost independent on species of carbonaceous grains.
The cloud collapses gravitationally in a well-known, self-
similar fashion (;). We do
not observe fragmentation in any of our simulations before
the central density reaches 1010 − 1011 cm−3. Then the mini-
mum local Jeans length becomes ' 30 au, which is compara-
ble to the size of the sink cell we put afterward. At this point,
we switch to 2D RHD simulations to follow the evolution in
the accretion phase. We remap the 3D data of the final snap-
shot to 2D data with the polar coordinate with the following
method (). We compute the angular mo-
mentum vector of the gas contained in the central 0.01 pc
region around the density peak and fix the cloud rotation
axis. We then average the physical quantities along the az-
imuthal direction with satisfying the conservation laws. We
finally assign the obtained values at the cell centers.
2.6 Cases considered
The models we consider in the present paper are sum-
marized in Table. The fiducial models are ZP, Z-3, and
Z-2, where the protostellar radiative feedback is fully incor-
porated for the cases with Z = 0, 10−3 Z and 10−2 Z.
For comparison, we also run simulations without the feed-
back at each metallicity. These runs are denoted as ZPn, Z-
3n, and Z-2n. To see the impact of the photoionization and
radiation-pressure feedback separately, we also study cases
with excluding either of the effects with Z = 10−2Z (Z-2PI
and Z-2RP). To examine the role of the dust attenuation
of ionizing photons, an additional simulation is performed
(Z-2PI2). The cloud properties such as the rotational veloc-
ity at the beginning of 2D calculation is an outcome, as a
result of its evolution during the early collapse phase, and
thus they differ in runs with different values of metallicity. In
order to isolate the metallicity effect on radiative feedback,
we also perform additional experiments where we start 2D
calculation from the same accretion envelope structure. In
practice, we vary the metallicity after the collapse stage. For
instance, ZPm is the case with Z = 0 in the 2D calculation
but from the envelope structure resulting from the cloud col-
lapse with Z = 10−3 Z, and Z-1m and Z0m are those with
0.1 Z and 1Z, respectively, but from the Z = 10−2 Z
envelope structure. The accretion envelope for cases Z-1m
and Z0m has higher densities than that expected from the
thermal evolution during the collapse stage with Z = 0.1 Z
and 1 Z. The present-day high-mass star formation sup-
poses a similar situation, where the accretion envelope is
much denser than that expected purely by the typical tem-
perature ∼ 10 K (e.g.,). The resulting
accretion rates are much higher than that expected with
∼ 10 K, ∼ 10−5 Myr−1. Z-1m and Z0m correspond to such
cases with 0.1 Z and Z, respectively.
In our simulations, the grid cells are logarithmically
spaced in the radial direction to improve the spatial reso-
lution near the center, while they are homogeneously dis-
tributed in the polar directions. The numbers of grid cells
are 150 and 40 for the radial and polar directions for most of
the cases. We set the radial outer boundary so that the com-
putational domain contains the gas exceeding 103 M. The
radial inner boundary is located at rmin = 30 au.
() and () show that, to accurately fol-
low the radiation-pressure effect against the accretion flow,
it is necessary to spatially resolve the dust destruction front
created around a luminous source. The position of the dust
destruction front in our simulations is analytically derived
as
Rd ' 110 au
(
Ltot∗
105 L
)1/2
, (15)
MNRAS 000,– (2018)
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where Ltot∗ is the stellar total luminosity, which exceeds
105 L for M∗ & 30 M ().
This means that the dust destruction front is located
far outside of rmin = 30 au, and is well resolved in our sim-
ulations. In Appendix, we present the convergence tests
with varying the spatial resolution and the radius of the in-
ner boundary, showing that the results do not significantly
change.
3 RESULTS
Here, we first describe the evolution in the early collapse
stage in the 3D simulations, and variation among the cases
with different metallicities Z = 0, 10−3 Z, and 10−2 Z in
Section. We next present the 2D simulation results of
the subsequent protostellar accretion stage at each metallic-
ity in Section. We, in particular, focus on the case with
Z = 10−2 Z, clarifying radiative feedback effects that finally
halt the accretion onto the star. Since the evolution in the
accretion stage is predestined in the collapse stage in the
above cases, we only extract the metallicity-dependence of
the feedback strength in Section. We describe the exper-
imental 2D simulations with different metallicities that start
with the same structure of the accretion envelope (see also
Sec.).
3.1 Early phase: cloud collapse
Figure shows the radial distributions of the mass-
averaged number density and temperature in the accretion
envelope at the end of the collapse. The temperature dis-
tribution at this epoch reflects the thermal evolution dur-
ing the collapse (e.g.,). For the case
with Z = 0, where the gas cools only via the H2 rovibra-
tional line emission, the temperature gradually rises with
increasing density from T ' 400 K at nH ∼ 104 cm−3. For
the cases with Z = 10−3 Z and 10−2 Z, the temperature
decreases with the density because of additional metal cool-
ing. At Z = 10−2 Z, for instance, the temperature drops to
T ∼ 100 K owing to Oi and Cii fine-structure line cooling
for n ∼ 103 − 106 cm−3. The dust cooling becomes effective
for nH & 108 cm−3 or r . 103 au, where the temperature
approaches the CMB value at z ' 20. The top and bottom
panels of Figure show that the density and thus the en-
closed mass at a given radius are larger for lower metallicity.
The density distribution in the accretion envelope depends
on the thermal evolution of the cloud. Since the gravity and
thermal pressure gradient nearly balance each other in the
core part during the collapse, a thermal state (ρ,T) is de-
termined such that the distance from the center r becomes
equal to the local Jeans length r ∼ λJ ∝ T1/2ρ−1/2. The den-
sity thus distributes as ρ ∝ Tr−2, which is higher with the
higher temperature, i.e., the lower metallicity.
Figure shows the mass inflow rate (top) and average
rotational velocity relative to the Keplerian value (bottom)
in the envelope at the end of the collapse. The inflow rate at
each mass shell can be regarded as the accretion rate when
the protostellar mass is the corresponding enclosed mass. We
see that the accretion rate is lower for higher metallicities in
general. This can be understood with the well-known scaling
law ÛM∗ ∝ T3/2 (see also Sec.) since the temperature is lower
102
104
106
108
1010
1012
n
H
[c
m
−3
]
0
10−3Z¯
10−2Z¯
102
103
T
[K
]
102 103 104 105
r [ au ]
10−1
100
101
102
103
M
(r
)
[M
¯
]
Figure 1. Radial structure of the accretion envelope at the end
of the collapse phase for three different metallicities Z = 0 (blue),
10−3Z (red), and 10−2Z (black). Top, middle, and bottom panels
present the radial profiles of the number density nH, temperature
T , and the enclosed mass M(r) as functions of the radial distance
from the cloud center. The horizontal dashed line in the middle
panel represents the CMB temperature at z = 20.46.
at higher metallicity in the envelope (Figure). This does
not, however, explain all the result: the temperature differing
by a factor of ' 5 between the cases with Z = 10−2 Z and
Z = 0 at M(r) = a few ×100 M, the scaling law ÛM∗ ∝
T3/2 predicts a roughly 10 times difference in the accretion
rates, while the difference in the inflow rates in Figure
is much smaller. This is because the temperature decreases
inward in the Z = 10−2 Z case. Consequently, the outward
pressure gradient force is weaker and the density and inward
radial velocity higher than in the isothermal case assumed
in deriving the scaling relation.
As seen in the bottom panel of Figure, rotational
velocities are systematically lower for the cases with Z =
10−2 Z and 10−3 Z. This is due to more efficient angu-
lar momentum transport during the collapse in those cases.
Figure shows the cloud morphology for Z = 0 and 10−2Z
cases. Whereas the cloud is almost spherical over ∼ 0.1 pc
MNRAS 000,– (2018)
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Figure 2. Properties of the accretion envelope at the end of the
collapse phase for the cases shown in Figure 1. The top and bot-
tom panels show the mass inflow rate calculated from the en-
velope density and velocity structure (also see text) and mass-
averaged rotational velocity normalized by the Keplerian value
vK =
√
GM(r)/r . The colors represent the different cases as in
Fig..
for Z = 0, it becomes more filamentary during the collapse
owing to more efficient cooling for Z = 10−2 Z and such
non-axisymmetric structure causes the gravitational torque
extracting angular momentum.
Note that for the case with Z = 0 the rotational velocity
slightly surpasses the Keplerian value at M(r) < 100 M. The
exact profile of vφ/vKep actually depends on the rotation
axis for the gas enclosed within a given radius, currently
0.01 pc, as the original 3D data is averaged over around
that to be remapped to the 2D data (see Sec.). We have
confirmed that if we take the larger radius 0.1 pc to fix the
rotational axis the vφ profile is slightly modified and super-
Keplerian velocities disappear. In any case, however, vφ is
nearly Keplerian at maximum and results are hardly affected
by this uncertainty.
3.2 Late phase: protostellar accretion
We first describe the models where both the pho-
toionization and radiation-pressure effects are included with
metallicities Z = 0, 10−3 Z, and 10−2 Z (i.e., models ZP,
Z-3, and Z-2, see Table 1). We continue the runs until
the accretion onto the protostar almost ceases with ÛM∗ <
10−4 Myr−1. Mass growth in the aftermath does not affect
Figure 3. The cloud morphology at the end of the collapse for
the cases with Z = 0 (top) and 10−2 Z (bottom). Each panel show
the distribution of the number density on the ”face-on” view, i.e.,
projected on a surface perpendicular to the angular momentum
vector. The density peak of the cloud is located at the center of
each panel.
the final mass of stars even if the accretion continues at a
similar rate for another ∼ Myr.
In Figure we present the mass accretion histories in
those models, in comparison with the reference cases where
the feedback effects are turned off by hand (models ZPn,
Z-3n, and Z-2n). Without the feedback, the stars continue
growing steadily by accretion even at the end of the sim-
ulation (600 M), when the gas has not yet depleted in
the accretion envelope. With radiative feedback, in contrast,
the mass accretion is terminated by radiative feedback at
M∗ ' 560 M, 450 M and 190 M at Z = 0, 10−3 Z and
10−2 Z, respectively. In what follows, we investigate metal-
licity dependence of radiative feedback and resulting final
stellar masses in more detail.
3.2.1 Accretion flows in cases without protostellar
feedback
Before examining the feedback effect, we first study the
cases without the feedback (i.e., ZPn, Z-3n, and Z-2n) to
see the typical accretion rate at each metallicity. Figure
shows that the rate for Z = 0 (case ZPn) is somewhat higher
than that for 10−3 Z (Z-3n), whereas the opposite trend is
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Figure 4. The mass accretion histories in the protostellar ac-
cretion phase for the cases with metallicities Z = 0, 10−3Z, and
10−2Z. Both the cases with and without radiative feedback are
shown by solid (for models ZP, Z-3, and Z-2) and dashed lines
(for ZPn, Z-3n, and Z-2n), respectively. The filled circles on the
line for the case Z-2 represent the four epochs when the snapshots
are presented in Figure.
expected from the envelope structure at the end of the col-
lapse (top panel of Figure). This discrepancy comes from
the difference in rotation velocities vφ (bottom panel of Fig-
ure) as higher vφ requires more efficient angular momen-
tum transfer through the circumstellar disk for the matter
to accrete onto the protostar.
Indeed, formation of a large disk and its growth around
the central protostar is observed in all the simulation runs.
Figure shows the disk structure at the stellar mass of
M∗ = 150 M. In all the cases, the rotation is almost Keple-
rian inside r . 1 − 3 × 104 au, which corresponds to the disk
outer edge (top panel). At this radius, the surface density
Σ also sharply rises (middle panel) and Toomre Q parame-
ter drops accordingly (top panel). Although the Q value is
nearly constant at the order of unity within the disk in all
the cases, it is higher in the Z = 0 case by a factor of a few
than in the other cases at 103 au . r . 104 au. This results in
less efficient angular momentum transport by gravitational
torque in the Z = 0 case from equations () - () and thus
the flows in the disk has the higher rotation velocities vφ.
The radial profiles of the gas and dust temperatures
in the disk mid-plane are presented in the bottom panel of
Figure. Generally, the gas temperature is lower for higher
metallicity, particularly at the outer region, owing to the
difference in the dominant cooling agent. In the Z = 0 case,
H2 line cooling balances with the viscous heating and keeps
the temperature at T ' 600 K throughout the disk, while the
dust cooling is dominant for Z = 10−3Z and 10−2Z. At the
disk outer edge, the gas is heated by the accretion shock.
Then, at high enough densities, the gas and dust are ther-
mally coupled by frequent collisions, and the gas tempera-
ture is lowered to the dust temperature (see Appendix).
Note that the dust destruction front is located at r ' 300 au,
where the dust grains are sublimated. Inside the dust de-
struction front, the gas temperatures are similar among the
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Figure 5. The radial structure of the accretion disk when the
stellar mass is ' 150 M for different metallicities. The top panel
presents Toomre Q parameter (solid lines) and the ratio of the
azimuthal velocity relative to the Kepler velocity (dashed lines)
against the radial distance from the central star. The middle and
bottom panels show the radial structure of the surface density
and temperature respectively. In the bottom panel, the solid and
dashed lines represent the gas and dust grains temperature. In
each panel the blue, red, and black lines represent the cases with
Z = 0, 10−3 Z, and 10−2 Z.
cases with different metallicities due to the lack of dust cool-
ing.
3.2.2 Radiative feedback effect on the protostellar
accretion
Here we see the protostellar radiative feedback effect
on the accretion flows. Figure shows the structure of the
gas around the protostar in the case of Z = 10−2 Z (model
Z-2). As seen in Figure-a, the protostar accretes the gas
through the circumstellar disk. The stellar mass rapidly in-
MNRAS 000,– (2018)
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54 M 
<latexit sha1_base64="4VN5Df2/hsXdL/g02LiUHolyyuE=">AAACb3ichVHLSsNAFD2N7/qqulAQpFgU3ZQbURRXohs3gq8+oJWSx KkG0yQk04IW/QA/QBcufICI+Blu/AEXfoK4EgU3LrxNA6Ki3mFmzpy5586ZGd21TF8SPUSUhsam5pbWtmh7R2dXd6ynN+07Zc8QKcOxHC+ra76wTFukpCktkXU9oZV0S2T0nYXafqYiPN907HW564qNkrZlm0XT0CRT+anJg6VCNe9sOnK/EEtQkoKI/wRqCBIIY9mJXSGPTTgwUE YJAjYkYwsafG45qCC4zG2gypzHyAz2BfYRZW2ZswRnaMzu8LjFq1zI2ryu1fQDtcGnWNw9VsYxQvd0TS90Rzf0SO+/1qoGNWpednnW61rhFroPB9be/lWVeJbY/lT96VmiiJnAq8ne3YCp3cKo6yt7xy9rs6sj1VG6oCf2f04PdMs3sCuvxuWKWD1BlD9A/f7cP0F6IqlSUl2ZTM zNh1/RikEMY4zfexpzWMQyUnyuiyOc4izyrPQrQ0q8nqpEQk0fvoQy/gHzFo6L</latexit><latexit sha1_base64="4VN5Df2/hsXdL/g02LiUHolyyuE=">AAACb3ichVHLSsNAFD2N7/qqulAQpFgU3ZQbURRXohs3gq8+oJWSx KkG0yQk04IW/QA/QBcufICI+Blu/AEXfoK4EgU3LrxNA6Ki3mFmzpy5586ZGd21TF8SPUSUhsam5pbWtmh7R2dXd6ynN+07Zc8QKcOxHC+ra76wTFukpCktkXU9oZV0S2T0nYXafqYiPN907HW564qNkrZlm0XT0CRT+anJg6VCNe9sOnK/EEtQkoKI/wRqCBIIY9mJXSGPTTgwUE YJAjYkYwsafG45qCC4zG2gypzHyAz2BfYRZW2ZswRnaMzu8LjFq1zI2ryu1fQDtcGnWNw9VsYxQvd0TS90Rzf0SO+/1qoGNWpednnW61rhFroPB9be/lWVeJbY/lT96VmiiJnAq8ne3YCp3cKo6yt7xy9rs6sj1VG6oCf2f04PdMs3sCuvxuWKWD1BlD9A/f7cP0F6IqlSUl2ZTM zNh1/RikEMY4zfexpzWMQyUnyuiyOc4izyrPQrQ0q8nqpEQk0fvoQy/gHzFo6L</latexit><latexit sha1_base64="4VN5Df2/hsXdL/g02LiUHolyyuE=">AAACb3ichVHLSsNAFD2N7/qqulAQpFgU3ZQbURRXohs3gq8+oJWSx KkG0yQk04IW/QA/QBcufICI+Blu/AEXfoK4EgU3LrxNA6Ki3mFmzpy5586ZGd21TF8SPUSUhsam5pbWtmh7R2dXd6ynN+07Zc8QKcOxHC+ra76wTFukpCktkXU9oZV0S2T0nYXafqYiPN907HW564qNkrZlm0XT0CRT+anJg6VCNe9sOnK/EEtQkoKI/wRqCBIIY9mJXSGPTTgwUE YJAjYkYwsafG45qCC4zG2gypzHyAz2BfYRZW2ZswRnaMzu8LjFq1zI2ryu1fQDtcGnWNw9VsYxQvd0TS90Rzf0SO+/1qoGNWpednnW61rhFroPB9be/lWVeJbY/lT96VmiiJnAq8ne3YCp3cKo6yt7xy9rs6sj1VG6oCf2f04PdMs3sCuvxuWKWD1BlD9A/f7cP0F6IqlSUl2ZTM zNh1/RikEMY4zfexpzWMQyUnyuiyOc4izyrPQrQ0q8nqpEQk0fvoQy/gHzFo6L</latexit><latexit sha1_base64="4VN5Df2/hsXdL/g02LiUHolyyuE=">AAACb3ichVHLSsNAFD2N7/qqulAQpFgU3ZQbURRXohs3gq8+oJWSx KkG0yQk04IW/QA/QBcufICI+Blu/AEXfoK4EgU3LrxNA6Ki3mFmzpy5586ZGd21TF8SPUSUhsam5pbWtmh7R2dXd6ynN+07Zc8QKcOxHC+ra76wTFukpCktkXU9oZV0S2T0nYXafqYiPN907HW564qNkrZlm0XT0CRT+anJg6VCNe9sOnK/EEtQkoKI/wRqCBIIY9mJXSGPTTgwUE YJAjYkYwsafG45qCC4zG2gypzHyAz2BfYRZW2ZswRnaMzu8LjFq1zI2ryu1fQDtcGnWNw9VsYxQvd0TS90Rzf0SO+/1qoGNWpednnW61rhFroPB9be/lWVeJbY/lT96VmiiJnAq8ne3YCp3cKo6yt7xy9rs6sj1VG6oCf2f04PdMs3sCuvxuWKWD1BlD9A/f7cP0F6IqlSUl2ZTM zNh1/RikEMY4zfexpzWMQyUnyuiyOc4izyrPQrQ0q8nqpEQk0fvoQy/gHzFo6L</latexit>
0.04 Myr
<latexit sha1_base64="n4ypa1qA1dO4dcyVzxjmNTEY19Y=">AAACdHichVHLSsNAFD2Nr1ofrboRdFEsFVfhRgqKK9GNG8FXbUGlJHHU 0LxI0kIt+gH+gIuuFEXEz3DjD7jwE8SlohsX3qQBUVFvmMyZM/fcOTNXc03DD4geElJHZ1d3T7I31dc/MJjODA1v+k7N00VRd0zHK2uqL0zDFsXACExRdj2hWpopSlp1Mdwv1YXnG469ETRcsWOp+7axZ+hqwFQlkyaZCtnj5rZnZZcb3lElk2MmiuxPoMQghzhWnMwVtrELBzpqsCBgI2B sQoXP3xYUEFzmdtBkzmNkRPsCR0ixtsZZgjNUZqv83+fVVszavA5r+pFa51NMHh4rs8jTPV3TM93RDT3S+6+1mlGN0EuDZ62tFW4lfTK6/vavyuI5wMGn6k/PAfYwG3k12LsbMeEt9La+fnj6vD63lm9O0jk9sf8zeqBbvoFdf9EvV8VaCylugPL9uX+CzWlZIVlZLeTmF+JWJDGGCUzxe 89gHktYQTHqSQsXuEy8SuNSTsq3U6VErBnBl5DkD4zDjyg=</latexit><latexit sha1_base64="n4ypa1qA1dO4dcyVzxjmNTEY19Y=">AAACdHichVHLSsNAFD2Nr1ofrboRdFEsFVfhRgqKK9GNG8FXbUGlJHHU 0LxI0kIt+gH+gIuuFEXEz3DjD7jwE8SlohsX3qQBUVFvmMyZM/fcOTNXc03DD4geElJHZ1d3T7I31dc/MJjODA1v+k7N00VRd0zHK2uqL0zDFsXACExRdj2hWpopSlp1Mdwv1YXnG469ETRcsWOp+7axZ+hqwFQlkyaZCtnj5rZnZZcb3lElk2MmiuxPoMQghzhWnMwVtrELBzpqsCBgI2B sQoXP3xYUEFzmdtBkzmNkRPsCR0ixtsZZgjNUZqv83+fVVszavA5r+pFa51NMHh4rs8jTPV3TM93RDT3S+6+1mlGN0EuDZ62tFW4lfTK6/vavyuI5wMGn6k/PAfYwG3k12LsbMeEt9La+fnj6vD63lm9O0jk9sf8zeqBbvoFdf9EvV8VaCylugPL9uX+CzWlZIVlZLeTmF+JWJDGGCUzxe 89gHktYQTHqSQsXuEy8SuNSTsq3U6VErBnBl5DkD4zDjyg=</latexit><latexit sha1_base64="n4ypa1qA1dO4dcyVzxjmNTEY19Y=">AAACdHichVHLSsNAFD2Nr1ofrboRdFEsFVfhRgqKK9GNG8FXbUGlJHHU 0LxI0kIt+gH+gIuuFEXEz3DjD7jwE8SlohsX3qQBUVFvmMyZM/fcOTNXc03DD4geElJHZ1d3T7I31dc/MJjODA1v+k7N00VRd0zHK2uqL0zDFsXACExRdj2hWpopSlp1Mdwv1YXnG469ETRcsWOp+7axZ+hqwFQlkyaZCtnj5rZnZZcb3lElk2MmiuxPoMQghzhWnMwVtrELBzpqsCBgI2B sQoXP3xYUEFzmdtBkzmNkRPsCR0ixtsZZgjNUZqv83+fVVszavA5r+pFa51NMHh4rs8jTPV3TM93RDT3S+6+1mlGN0EuDZ62tFW4lfTK6/vavyuI5wMGn6k/PAfYwG3k12LsbMeEt9La+fnj6vD63lm9O0jk9sf8zeqBbvoFdf9EvV8VaCylugPL9uX+CzWlZIVlZLeTmF+JWJDGGCUzxe 89gHktYQTHqSQsXuEy8SuNSTsq3U6VErBnBl5DkD4zDjyg=</latexit><latexit sha1_base64="n4ypa1qA1dO4dcyVzxjmNTEY19Y=">AAACdHichVHLSsNAFD2Nr1ofrboRdFEsFVfhRgqKK9GNG8FXbUGlJHHU 0LxI0kIt+gH+gIuuFEXEz3DjD7jwE8SlohsX3qQBUVFvmMyZM/fcOTNXc03DD4geElJHZ1d3T7I31dc/MJjODA1v+k7N00VRd0zHK2uqL0zDFsXACExRdj2hWpopSlp1Mdwv1YXnG469ETRcsWOp+7axZ+hqwFQlkyaZCtnj5rZnZZcb3lElk2MmiuxPoMQghzhWnMwVtrELBzpqsCBgI2B sQoXP3xYUEFzmdtBkzmNkRPsCR0ixtsZZgjNUZqv83+fVVszavA5r+pFa51NMHh4rs8jTPV3TM93RDT3S+6+1mlGN0EuDZ62tFW4lfTK6/vavyuI5wMGn6k/PAfYwG3k12LsbMeEt9La+fnj6vD63lm9O0jk9sf8zeqBbvoFdf9EvV8VaCylugPL9uX+CzWlZIVlZLeTmF+JWJDGGCUzxe 89gHktYQTHqSQsXuEy8SuNSTsq3U6VErBnBl5DkD4zDjyg=</latexit>
0.2 Myr
<latexit sha1_base64="u0xlgyrrJyJWm18OZjNiIFhRUtM=" >AAACcXichVHLSgMxFD0d3/XRqhvFzWBRBKHcEUFxJbpxI/hqFXwxM8Y6dF5kpoVa9AP8AQVXCiLiZ7jxB1z0E8RlBTcuvJ0OiIp6 Q5KTk3tuThLDt60gJKollJbWtvaOzq5kd09vXyrdP5APvJI0Rc70bE9uGXogbMsVudAKbbHlS6E7hi02jeJiY3+zLGRgee5GWPHFrq MXXOvQMvWQqT3KTqmn1R3pqMsVebKfzlCWolB/Ai0GGcSx4qVvsYMDeDBRggMBFyFjGzoCbtvQQPCZ20WVOcnIivYFTpBkbYmzBGf ozBZ5LPBqO2ZdXjdqBpHa5FNs7pKVKsboie6oTo90T8/0/mutalSj4aXCs9HUCn8/dTa0/vavyuE5xNGn6k/PIQ4xG3m12LsfMY1b mE19+fi8vj63NlYdp2t6Yf9XVKMHvoFbfjVvVsXaJZL8Adr35/4J8lNZjbLa6nRmfiH+ik6MYBQT/N4zmMcSVpDjcyUucIXrRF0ZV lRltJmqJGLNIL6EMvkBec2Ouw==</latexit><latexit sha1_base64="u0xlgyrrJyJWm18OZjNiIFhRUtM=" >AAACcXichVHLSgMxFD0d3/XRqhvFzWBRBKHcEUFxJbpxI/hqFXwxM8Y6dF5kpoVa9AP8AQVXCiLiZ7jxB1z0E8RlBTcuvJ0OiIp6 Q5KTk3tuThLDt60gJKollJbWtvaOzq5kd09vXyrdP5APvJI0Rc70bE9uGXogbMsVudAKbbHlS6E7hi02jeJiY3+zLGRgee5GWPHFrq MXXOvQMvWQqT3KTqmn1R3pqMsVebKfzlCWolB/Ai0GGcSx4qVvsYMDeDBRggMBFyFjGzoCbtvQQPCZ20WVOcnIivYFTpBkbYmzBGf ozBZ5LPBqO2ZdXjdqBpHa5FNs7pKVKsboie6oTo90T8/0/mutalSj4aXCs9HUCn8/dTa0/vavyuE5xNGn6k/PIQ4xG3m12LsfMY1b mE19+fi8vj63NlYdp2t6Yf9XVKMHvoFbfjVvVsXaJZL8Adr35/4J8lNZjbLa6nRmfiH+ik6MYBQT/N4zmMcSVpDjcyUucIXrRF0ZV lRltJmqJGLNIL6EMvkBec2Ouw==</latexit><latexit sha1_base64="u0xlgyrrJyJWm18OZjNiIFhRUtM=" >AAACcXichVHLSgMxFD0d3/XRqhvFzWBRBKHcEUFxJbpxI/hqFXwxM8Y6dF5kpoVa9AP8AQVXCiLiZ7jxB1z0E8RlBTcuvJ0OiIp6 Q5KTk3tuThLDt60gJKollJbWtvaOzq5kd09vXyrdP5APvJI0Rc70bE9uGXogbMsVudAKbbHlS6E7hi02jeJiY3+zLGRgee5GWPHFrq MXXOvQMvWQqT3KTqmn1R3pqMsVebKfzlCWolB/Ai0GGcSx4qVvsYMDeDBRggMBFyFjGzoCbtvQQPCZ20WVOcnIivYFTpBkbYmzBGf ozBZ5LPBqO2ZdXjdqBpHa5FNs7pKVKsboie6oTo90T8/0/mutalSj4aXCs9HUCn8/dTa0/vavyuE5xNGn6k/PIQ4xG3m12LsfMY1b mE19+fi8vj63NlYdp2t6Yf9XVKMHvoFbfjVvVsXaJZL8Adr35/4J8lNZjbLa6nRmfiH+ik6MYBQT/N4zmMcSVpDjcyUucIXrRF0ZV lRltJmqJGLNIL6EMvkBec2Ouw==</latexit><latexit sha1_base64="u0xlgyrrJyJWm18OZjNiIFhRUtM=" >AAACcXichVHLSgMxFD0d3/XRqhvFzWBRBKHcEUFxJbpxI/hqFXwxM8Y6dF5kpoVa9AP8AQVXCiLiZ7jxB1z0E8RlBTcuvJ0OiIp6 Q5KTk3tuThLDt60gJKollJbWtvaOzq5kd09vXyrdP5APvJI0Rc70bE9uGXogbMsVudAKbbHlS6E7hi02jeJiY3+zLGRgee5GWPHFrq MXXOvQMvWQqT3KTqmn1R3pqMsVebKfzlCWolB/Ai0GGcSx4qVvsYMDeDBRggMBFyFjGzoCbtvQQPCZ20WVOcnIivYFTpBkbYmzBGf ozBZ5LPBqO2ZdXjdqBpHa5FNs7pKVKsboie6oTo90T8/0/mutalSj4aXCs9HUCn8/dTa0/vavyuE5xNGn6k/PIQ4xG3m12LsfMY1b mE19+fi8vj63NlYdp2t6Yf9XVKMHvoFbfjVvVsXaJZL8Adr35/4J8lNZjbLa6nRmfiH+ik6MYBQT/N4zmMcSVpDjcyUucIXrRF0ZV lRltJmqJGLNIL6EMvkBec2Ouw==</latexit>
100 M 
<latexit sha1_base64="SgXAKK0V6x/53dH2OdLuqrL1v0c=">AAACcHichVG7SgNBFD1Z3/EVtREsjAZFLMJdERQr0cZG8BUT0BB2N xNd3Je7k4AG/QB/wMJGBRHxM2z8AYt8gtipYGPhzWZBVNQ7zMyZM/fcOTOje5YZSKJaTGlqbmlta++Id3Z19/Qm+vo3A7fsGyJjuJbr53QtEJbpiIw0pSVyni80W7dEVt9brO9nK8IPTNfZkAeeyNvajmOWTEOTTOVVouPlQnXbLbryqJBIUZrCSP4EagRSiGLFTVxjG0W4MFCGDQ EHkrEFDQG3LaggeMzlUWXOZ2SG+wJHiLO2zFmCMzRm93jc4dVWxDq8rtcMQrXBp1jcfVYmMUYPdEMvdE+39Ejvv9aqhjXqXg541hta4RV6TwbX3/5V2TxL7H6q/vQsUcJs6NVk717I1G9hNPSVw9OX9bm1seo4XdIT+7+gGt3xDZzKq3G1KtbOEOcPUL8/90+wOZVWKa2uTqfmF6 KvaMcQRjHB7z2DeSxhBRk+dx+nOMdF7FkZVIaVkUaqEos0A/gSyuQHaoiOvQ==</latexit><latexit sha1_base64="SgXAKK0V6x/53dH2OdLuqrL1v0c=">AAACcHichVG7SgNBFD1Z3/EVtREsjAZFLMJdERQr0cZG8BUT0BB2N xNd3Je7k4AG/QB/wMJGBRHxM2z8AYt8gtipYGPhzWZBVNQ7zMyZM/fcOTOje5YZSKJaTGlqbmlta++Id3Z19/Qm+vo3A7fsGyJjuJbr53QtEJbpiIw0pSVyni80W7dEVt9brO9nK8IPTNfZkAeeyNvajmOWTEOTTOVVouPlQnXbLbryqJBIUZrCSP4EagRSiGLFTVxjG0W4MFCGDQ EHkrEFDQG3LaggeMzlUWXOZ2SG+wJHiLO2zFmCMzRm93jc4dVWxDq8rtcMQrXBp1jcfVYmMUYPdEMvdE+39Ejvv9aqhjXqXg541hta4RV6TwbX3/5V2TxL7H6q/vQsUcJs6NVk717I1G9hNPSVw9OX9bm1seo4XdIT+7+gGt3xDZzKq3G1KtbOEOcPUL8/90+wOZVWKa2uTqfmF6 KvaMcQRjHB7z2DeSxhBRk+dx+nOMdF7FkZVIaVkUaqEos0A/gSyuQHaoiOvQ==</latexit><latexit sha1_base64="SgXAKK0V6x/53dH2OdLuqrL1v0c=">AAACcHichVG7SgNBFD1Z3/EVtREsjAZFLMJdERQr0cZG8BUT0BB2N xNd3Je7k4AG/QB/wMJGBRHxM2z8AYt8gtipYGPhzWZBVNQ7zMyZM/fcOTOje5YZSKJaTGlqbmlta++Id3Z19/Qm+vo3A7fsGyJjuJbr53QtEJbpiIw0pSVyni80W7dEVt9brO9nK8IPTNfZkAeeyNvajmOWTEOTTOVVouPlQnXbLbryqJBIUZrCSP4EagRSiGLFTVxjG0W4MFCGDQ EHkrEFDQG3LaggeMzlUWXOZ2SG+wJHiLO2zFmCMzRm93jc4dVWxDq8rtcMQrXBp1jcfVYmMUYPdEMvdE+39Ejvv9aqhjXqXg541hta4RV6TwbX3/5V2TxL7H6q/vQsUcJs6NVk717I1G9hNPSVw9OX9bm1seo4XdIT+7+gGt3xDZzKq3G1KtbOEOcPUL8/90+wOZVWKa2uTqfmF6 KvaMcQRjHB7z2DeSxhBRk+dx+nOMdF7FkZVIaVkUaqEos0A/gSyuQHaoiOvQ==</latexit><latexit sha1_base64="SgXAKK0V6x/53dH2OdLuqrL1v0c=">AAACcHichVG7SgNBFD1Z3/EVtREsjAZFLMJdERQr0cZG8BUT0BB2N xNd3Je7k4AG/QB/wMJGBRHxM2z8AYt8gtipYGPhzWZBVNQ7zMyZM/fcOTOje5YZSKJaTGlqbmlta++Id3Z19/Qm+vo3A7fsGyJjuJbr53QtEJbpiIw0pSVyni80W7dEVt9brO9nK8IPTNfZkAeeyNvajmOWTEOTTOVVouPlQnXbLbryqJBIUZrCSP4EagRSiGLFTVxjG0W4MFCGDQ EHkrEFDQG3LaggeMzlUWXOZ2SG+wJHiLO2zFmCMzRm93jc4dVWxDq8rtcMQrXBp1jcfVYmMUYPdEMvdE+39Ejvv9aqhjXqXg541hta4RV6TwbX3/5V2TxL7H6q/vQsUcJs6NVk717I1G9hNPSVw9OX9bm1seo4XdIT+7+gGt3xDZzKq3G1KtbOEOcPUL8/90+wOZVWKa2uTqfmF6 KvaMcQRjHB7z2DeSxhBRk+dx+nOMdF7FkZVIaVkUaqEos0A/gSyuQHaoiOvQ==</latexit>
180 M 
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Figure 6. Time evolution of the accretion envelope structure around the protostar at Z = 10−2 Z (model Z-2). The four panels show
the snapshots at the protostellar mass (a) M∗ ' 16 M, (b) 54 M, (c) 82 M, and (d) 140 M. The time since the birth of the protostar is
also indicated in the bottom-right corner. The distributions of the number density nH (right) and gas temperature T (left) are presented.
The arrows shown in the upper-right part represent the velocity vectors.
creases at a high accretion rate > 10−3 M yr−1 in this early
stage (also see Fig.). By the epoch when the stellar mass
reaches ∼ 50 M, the ionizing-photon emissivity becomes
high enough to create bipolar Hii regions or cavities (Fig.6-b). The temperature inside the cavities exceeds104 K due
to the photoionization heating. Dynamical expansion of the
Hii regions blows away the gas in the accretion envelope.
The mass supply from the envelope to the accretion disk is
also interrupted for a while. As a result, the accretion rate
is reduced from the initial value of 3×10−3Myr−1 by an or-
der of magnitude by the time the stellar mass reaches 50M
(Figure).
Within the bipolar Hii region (Figure-c), we can see
a secondary bubble expanding, in which the gas is escaping
outward at high velocity ∼ 100 km s−1 and the density is very
low at ∼ 10 cm−3. The expansion of this secondary bubble
is driven by the radiation pressure exerted on dust grains.
Since the grains are dynamically well coupled with the gas,
the gas is also efficiently accelerated outward. As a result
of the expansion of the secondary bubble, the temperature
of the photoionized gas is lowered to several × 103 K by
adiabatic cooling.
Note that, in the primordial star formation, the accre-
tion rate is reduced by the expansion of the Hii regions and
no secondary bubble is observed. Although the radiation-
pressure feedback has been known to be effective in the
present-day massive star formation, a detailed mechanism
differs from our case: while the radiation forces both by the
stellar direct light and by the diffuse radiation re-emitted
by the dust are equally important in present-day star for-
mation, the latter is negligible in our case. The radiation
force by direct light can be written relative to the gravity as
Frad
Fgrav
= 5.3
(
κUV,
400 cm2g−1
) (
L∗
8.0 × 106 L
) (
M∗
350 M
)−1 ( Z
10−2 Z
)
,
(16)
where κUV, is the dust opacity for UV photons at Z = Z,
and hat by the diffuse radiation is
Frad
Fgrav
= 0.04
(
κIR,
3 cm2g−1
) (
L∗
8.0 × 106 L
) (
M∗
350 M
)−1 ( Z
10−2 Z
)
,
(17)
where κIR, is the dust opacity for infrared photons at Z =
Z, for which we assume the dust temperature of 300 K. In
fact, Figure shows that only the gas directly illuminated
by the stellar light is accelerated along the poles.
Whereas the bubble expansion blows away the gas in
the envelope in polar directions, in a shade of the disk the
flow is protected from the direct star light and the accretion
still continues. Indeed, Figure shows that the accretion
r te drops just after the stellar mass exceeds 100 M, but it
returns to the level of ∼ 10−4 M yr−1. Although the exact
b havior f t e accretion history should depend on the pre-
scription of th viscosity (Sec.), the stellar mass further
increases at such low r te . Eventually, however, even the
flows near the equator are disturbed and reversed (Figure-
d). The mass supply from the envelope to the disk is first
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Figure 7. Protostellar evolution for different metallicities Z = 0
(model ZP, blue line), 10−3 Z (Z-3, orange), and 10−2 Z (Z-2,
black). Plotted are the stellar mass (top panel), radius (middle),
and ionizing photon production rate (bottom) as a function of the
elapsed time since the birth of the protostar. In the top panel, the
filled circles on the black curve represent the four epochs for which
the snapshots are presented in Figure.
shut off, and then the protostar only swallows the gas re-
tained in the disk. This slow accretion continues for several
×105 years at a gradually decreasing rate. The final stellar
mass is ' 190 M in this case.
The protostellar evolution for the same model (Z-2) is
presented in Figure (black line). The stellar radius is ini-
tially very large > 100 R but soon decreases within the
initial 104 years (top panel) as a result of Kelvin-Helmholtz
(KH) contraction, which continues until the stationary nu-
clear burning begins, i.e., the star reaches the main sequence,
at M∗ ' a few × 10 M (e.g.,). The
emissivity of ionizing photons increases dramatically during
the KH contraction (bottom panel), which is accompanied
by the appearance of the bipolar Hii regions at t ' a few
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Figure 8. Impact of radiative feedback by photoionization and
by radiation pressure on the stellar mass growth for Z = 10−2Z.
The gray solid line represents the case where both those effects
are taken into account (Z-2). The other lines are for the reference
cases where one of the feedback mechanisms is omitted; only with
the radiation-pressure effect (black dotted, Z-2RP), only with the
photoionization effect (dark blue dot-dashed, Z-2PI), and only
with the photoionization effect without the dust attenuation of
ionizing photons (dashed line, Z-2PI2).
× 104 years (Fig.-b). Note that since the final stellar mass
is ' 190 M, the star acquires most of its mass after reaching
the main-sequence star. The ionizing photon emissivity rises
gradually with increasing stellar mass until the accretion is
finally shut off.
We have seen that the photoionization and radiation-
pressure effects, such as the expansion of the Hii regions and
the secondary bubble, have dynamical effects on the accre-
tion flow. Here we investigate which one is dominant in set-
ting the final stellar mass. For this purpose, we present the
stellar mass growth histories in cases with only one of those
effects considered in Figure. With both the photoioniza-
tion and radiation-pressure effects, the stellar mass reaches
190M in 0.8 Myr as seen above (Z-2, solid). With only the
radiation-pressure feedback taken into account (Z-2RP, dot-
ted), the stellar mass rapidly increases and exceeds 250 M
in ' 0.2 Myr. In contrast, with the photoionization effect
only (Z-2PI, black dashed), the final stellar mass hardly
changes with a small increment to ' 230 M at t ' 0.8 Myr.
The above results clearly demonstrate that the photoioniza-
tion is the dominant effect in terminating the mass accretion
while the radiation pressure plays only a secondary role. In
addition to being a receiver of the radiation pressure, the
dust has another role, i.e., the attenuation of ionizing pho-
tons. To examine its importance, we compare the cases with
only the photoionization but with (Z-2PI, black dashed) and
without dust attenuation (Z-2PI2, dark-blue dashed). We
can see that, without dust attenuation, the final stellar mass
is further reduced from 230 M to 180 M for this case.
Next, we briefly discuss the cases with lower metallic-
ity, Z = 0 and 10−3Z. Their overall evolution is basically
the same as in the case of Z = 10−2Z described above al-
though the secondary bubble expansion driven by the radia-
tion pressure is not seen in the Z = 0 case, where the dust is
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absent. In all the cases, the photoionization is the dominant
mechanism in regulating the mass accretion onto the star.
Contrary to naive expectation from the inflow rate at the end
of the collapse phase (Fig. 2 a), the accretion rate onto the
protostar is actually lower for Z = 0 and 10−3Z than in the
Z = 10−2Z case early on (t . 3×104 years). This is because
the inner part of the accretion envelope (M(r) . 100 M)
has higher rotational velocity in those cases (Fig.) and the
accreted matter accumulates in the disk. After around the
viscous timescale
tvis =
1
3piα
(
R
H
)2 2pi
Ω
= 7.5 × 104 yr
(α
1
)−1 (H/R
0.1
)−2 ( M∗
200 M
)−1/2 ( R
104 au
)3/2
,
(18)
the accretion rate rapidly rises and exceeds that for Z =
10−2Z (Fig.) as the stationary accretion through the disk
establishes. The protostar reaches the main sequence by the
epoch of t ∼ 0.1 Myr. After that, the star emits ionizing
photons at a rate Sion ∼ a few ×1050 s−1, which is almost the
same between the cases with Z = 0 and 10−3Z∞. The sub-
sequent evolution is also similar between those cases. The
stellar mass reaches ' 300 M at t ' 0.2 Myr, and the
mass growth thereafter is significantly suppressed by the
photoionization effect. The final mass is M∗ ' 560 M for
Z = 0 and M∗ ' 440 M for Z = 10−3Z, respectively.
According to previous studies, the final stellar mass lim-
ited by the photoionization is generally higher for higher
imposed (i.e., without feedback) accretion rate (e.g.,
rano et al.). This is consistent with our result in the
sense that the feedback-limited final mass is the lowest for
Z = 10−2 Z, which has the lowest mean accretion rate be-
fore the feedback is taken into account (Fig.). There is,
however, some modifications: between cases with Z = 0 and
Z = 10−3Z, the final mass for the former is slightly larger
than that for the latter despite with lower mean accretion
rate onto the protostar. This is probably caused by the differ-
ences in infall rates and rotational velocities in the accretion
envelope (see Section and Fig.). For Z = 0, higher sup-
plies of the mass and angular momentum results in a more
massive circumstellar disk. Since the stellar mass growth in
the later phase is largely determined by the amount of gas
retained in the disk, the accretion onto the star tends to be
prolonged through a more massive disk in cases with the
photoionization feedback. In other words, the final stellar
mass is mainly determined by the accretion rate to the disk
in very metal-poor environments (. 10−2 Z), where the
photoionization is the dominant feedback effect.
3.3 Accretion evolution from the same envelope
structure
To extract only metallicity effects on the protostellar
accretion, we investigate radiative feedback in cases with
different metallicities but from the same envelope structure.
For this purpose, we assign a certain value of metallicity
1 While the stellar radius for Z-3 is larger than Z0, the effective
temperature is slightly lower. The two effects work oppositely
resulting in a similar emissivity of ionizing photons.
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Figure 9. Metallicity dependence of radiative feedback for a
given accretion-envelope structure. Top panel: the mass accre-
tion histories for metallicities Z = 0 (ZPm) and Z = 10−3 Z
(Z-3) from the envelope structure resulting from the cloud col-
lapse with Z = 10−3 Z. Bottom panel: the same as the top panel
but from the envelope structure resulting from the collapse with
Z = 10−2Z for metallicities Z = 10−2 Z (Z-2), 0.1 Z (Z-1m) and
Z = 1 Z (Z0m).
to the last snapshot at the end of collapse with metallicity
Z = 10−3 Z or 10−2 Z, maintaining the density and tem-
perature distributions. We consider two initial conditions for
accretion evolution resulting from the cloud collapse with
metallicities Z = 10−3Z and 10−2Z. For the initial enve-
lope structure created with Z = 10−3Z, we study the ac-
cretion evolution with 10−3 Z (Z-3) and 0 (ZPm), which is
shown in the top panel of Figure, while for the initial en-
velope with Z = 10−2Z we consider the cases with 10−2 Z,
0.1 Z and 1 Z (cases Z-1m and Z0m) shown in the bot-
tom panel of Figure. We follow the long-term evolution
of the protostellar accretion until terminated by radiative
feedback.
The final stellar mass for the Z = 0 case is slightly lower
than that for 10−3Z (top panel of Figure). This trend
is opposite to that in Figure. The discrepancy is due to
different rotation velocity profiles for ZP and Z-3 (Fig.),
which is absent for ZPm and Z-3 (see also Section).
The bottom panel of Figure shows the mass accre-
tion histories for Z = 10−2Z (Z-2), 10−1Z (Z-1m) and Z
(Z0m), starting from the envelope structure of Z = 10−2Z.
In the early phase of M∗ . 100 M, while radiative feedback
is still weak, the accretion histories are mostly determined
by the initial condition and very similar to each other. At
MNRAS 000,– (2018)
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(a)
(b)
100 M 
<latexit sha1_base64="SgXAKK0V6x/53dH2OdLuqrL1v0c=">AAACcHichVG7SgNBFD1Z3/EVtREs jAZFLMJdERQr0cZG8BUT0BB2NxNd3Je7k4AG/QB/wMJGBRHxM2z8AYt8gtipYGPhzWZBVNQ7zMyZM/fcOTOje5YZSKJaTGlqbmlta++Id3Z19/Qm+vo3A7fsGyJjuJbr53QtEJbpiIw0pSVyni80W7dEVt9brO9 nK8IPTNfZkAeeyNvajmOWTEOTTOVVouPlQnXbLbryqJBIUZrCSP4EagRSiGLFTVxjG0W4MFCGDQEHkrEFDQG3LaggeMzlUWXOZ2SG+wJHiLO2zFmCMzRm93jc4dVWxDq8rtcMQrXBp1jcfVYmMUYPdEMvdE+39E jvv9aqhjXqXg541hta4RV6TwbX3/5V2TxL7H6q/vQsUcJs6NVk717I1G9hNPSVw9OX9bm1seo4XdIT+7+gGt3xDZzKq3G1KtbOEOcPUL8/90+wOZVWKa2uTqfmF6KvaMcQRjHB7z2DeSxhBRk+dx+nOMdF7FkZV IaVkUaqEos0A/gSyuQHaoiOvQ==</latexit><latexit sha1_base64="SgXAKK0V6x/53dH2OdLuqrL1v0c=">AAACcHichVG7SgNBFD1Z3/EVtREs jAZFLMJdERQr0cZG8BUT0BB2NxNd3Je7k4AG/QB/wMJGBRHxM2z8AYt8gtipYGPhzWZBVNQ7zMyZM/fcOTOje5YZSKJaTGlqbmlta++Id3Z19/Qm+vo3A7fsGyJjuJbr53QtEJbpiIw0pSVyni80W7dEVt9brO9 nK8IPTNfZkAeeyNvajmOWTEOTTOVVouPlQnXbLbryqJBIUZrCSP4EagRSiGLFTVxjG0W4MFCGDQEHkrEFDQG3LaggeMzlUWXOZ2SG+wJHiLO2zFmCMzRm93jc4dVWxDq8rtcMQrXBp1jcfVYmMUYPdEMvdE+39E jvv9aqhjXqXg541hta4RV6TwbX3/5V2TxL7H6q/vQsUcJs6NVk717I1G9hNPSVw9OX9bm1seo4XdIT+7+gGt3xDZzKq3G1KtbOEOcPUL8/90+wOZVWKa2uTqfmF6KvaMcQRjHB7z2DeSxhBRk+dx+nOMdF7FkZV IaVkUaqEos0A/gSyuQHaoiOvQ==</latexit><latexit sha1_base64="SgXAKK0V6x/53dH2OdLuqrL1v0c=">AAACcHichVG7SgNBFD1Z3/EVtREs jAZFLMJdERQr0cZG8BUT0BB2NxNd3Je7k4AG/QB/wMJGBRHxM2z8AYt8gtipYGPhzWZBVNQ7zMyZM/fcOTOje5YZSKJaTGlqbmlta++Id3Z19/Qm+vo3A7fsGyJjuJbr53QtEJbpiIw0pSVyni80W7dEVt9brO9 nK8IPTNfZkAeeyNvajmOWTEOTTOVVouPlQnXbLbryqJBIUZrCSP4EagRSiGLFTVxjG0W4MFCGDQEHkrEFDQG3LaggeMzlUWXOZ2SG+wJHiLO2zFmCMzRm93jc4dVWxDq8rtcMQrXBp1jcfVYmMUYPdEMvdE+39E jvv9aqhjXqXg541hta4RV6TwbX3/5V2TxL7H6q/vQsUcJs6NVk717I1G9hNPSVw9OX9bm1seo4XdIT+7+gGt3xDZzKq3G1KtbOEOcPUL8/90+wOZVWKa2uTqfmF6KvaMcQRjHB7z2DeSxhBRk+dx+nOMdF7FkZV IaVkUaqEos0A/gSyuQHaoiOvQ==</latexit><latexit sha1_base64="SgXAKK0V6x/53dH2OdLuqrL1v0c=">AAACcHichVG7SgNBFD1Z3/EVtREs jAZFLMJdERQr0cZG8BUT0BB2NxNd3Je7k4AG/QB/wMJGBRHxM2z8AYt8gtipYGPhzWZBVNQ7zMyZM/fcOTOje5YZSKJaTGlqbmlta++Id3Z19/Qm+vo3A7fsGyJjuJbr53QtEJbpiIw0pSVyni80W7dEVt9brO9 nK8IPTNfZkAeeyNvajmOWTEOTTOVVouPlQnXbLbryqJBIUZrCSP4EagRSiGLFTVxjG0W4MFCGDQEHkrEFDQG3LaggeMzlUWXOZ2SG+wJHiLO2zFmCMzRm93jc4dVWxDq8rtcMQrXBp1jcfVYmMUYPdEMvdE+39E jvv9aqhjXqXg541hta4RV6TwbX3/5V2TxL7H6q/vQsUcJs6NVk717I1G9hNPSVw9OX9bm1seo4XdIT+7+gGt3xDZzKq3G1KtbOEOcPUL8/90+wOZVWKa2uTqfmF6KvaMcQRjHB7z2DeSxhBRk+dx+nOMdF7FkZV IaVkUaqEos0A/gSyuQHaoiOvQ==</latexit>
0.1 Myr
<latexit sha1_base64="gXiUQjR3/aIBOZE0YxBLMilR7gc=">AAACcHichVHLSsNAFD2Nr1pfVTeCC6 tFERflRgTFVdGNG8FXVdAiSRxrMC+TtFBD/QB/oAs3KoiIn+HGH3DRTxB3VnDjwts0ICrqDZk5c+aeO2fmqo6hez5RLSa1tLa1d8Q7E13dPb19yf6BTc8uuprIabZhu9uq4glDt0TO131DbDuuUEzVEFvq0WJjf6skX E+3rQ2/7Ii8qRQs/UDXFJ+pPGXk02DXNVPLZbeyl0xThsJI/QRyBNKIYsVO3mAX+7ChoQgTAhZ8xgYUePztQAbBYS6PgDmXkR7uC1SQYG2RswRnKMwe8Vjg1U7EWrxu1PRCtcanGPy7rExhnB7plur0QHf0RO+/1grC Gg0vZZ7VplY4e31nQ+tv/6pMnn0cfqr+9OzjAHOhV529OyHTuIXW1JdOqvX1+bXxYIKu6Jn9X1KN7vkGVulVu14Va+dIcAPk78/9E2xOZ2Tu2+pMOrsQtSKOYYxhkt97FlksYQU5PvcYVVzgMvYiDUkj0mgzVYpFmkF8 CWnqAxB7jpA=</latexit><latexit sha1_base64="gXiUQjR3/aIBOZE0YxBLMilR7gc=">AAACcHichVHLSsNAFD2Nr1pfVTeCC6 tFERflRgTFVdGNG8FXVdAiSRxrMC+TtFBD/QB/oAs3KoiIn+HGH3DRTxB3VnDjwts0ICrqDZk5c+aeO2fmqo6hez5RLSa1tLa1d8Q7E13dPb19yf6BTc8uuprIabZhu9uq4glDt0TO131DbDuuUEzVEFvq0WJjf6skX E+3rQ2/7Ii8qRQs/UDXFJ+pPGXk02DXNVPLZbeyl0xThsJI/QRyBNKIYsVO3mAX+7ChoQgTAhZ8xgYUePztQAbBYS6PgDmXkR7uC1SQYG2RswRnKMwe8Vjg1U7EWrxu1PRCtcanGPy7rExhnB7plur0QHf0RO+/1grC Gg0vZZ7VplY4e31nQ+tv/6pMnn0cfqr+9OzjAHOhV529OyHTuIXW1JdOqvX1+bXxYIKu6Jn9X1KN7vkGVulVu14Va+dIcAPk78/9E2xOZ2Tu2+pMOrsQtSKOYYxhkt97FlksYQU5PvcYVVzgMvYiDUkj0mgzVYpFmkF8 CWnqAxB7jpA=</latexit><latexit sha1_base64="gXiUQjR3/aIBOZE0YxBLMilR7gc=">AAACcHichVHLSsNAFD2Nr1pfVTeCC6 tFERflRgTFVdGNG8FXVdAiSRxrMC+TtFBD/QB/oAs3KoiIn+HGH3DRTxB3VnDjwts0ICrqDZk5c+aeO2fmqo6hez5RLSa1tLa1d8Q7E13dPb19yf6BTc8uuprIabZhu9uq4glDt0TO131DbDuuUEzVEFvq0WJjf6skX E+3rQ2/7Ii8qRQs/UDXFJ+pPGXk02DXNVPLZbeyl0xThsJI/QRyBNKIYsVO3mAX+7ChoQgTAhZ8xgYUePztQAbBYS6PgDmXkR7uC1SQYG2RswRnKMwe8Vjg1U7EWrxu1PRCtcanGPy7rExhnB7plur0QHf0RO+/1grC Gg0vZZ7VplY4e31nQ+tv/6pMnn0cfqr+9OzjAHOhV529OyHTuIXW1JdOqvX1+bXxYIKu6Jn9X1KN7vkGVulVu14Va+dIcAPk78/9E2xOZ2Tu2+pMOrsQtSKOYYxhkt97FlksYQU5PvcYVVzgMvYiDUkj0mgzVYpFmkF8 CWnqAxB7jpA=</latexit><latexit sha1_base64="gXiUQjR3/aIBOZE0YxBLMilR7gc=">AAACcHichVHLSsNAFD2Nr1pfVTeCC6 tFERflRgTFVdGNG8FXVdAiSRxrMC+TtFBD/QB/oAs3KoiIn+HGH3DRTxB3VnDjwts0ICrqDZk5c+aeO2fmqo6hez5RLSa1tLa1d8Q7E13dPb19yf6BTc8uuprIabZhu9uq4glDt0TO131DbDuuUEzVEFvq0WJjf6skX E+3rQ2/7Ii8qRQs/UDXFJ+pPGXk02DXNVPLZbeyl0xThsJI/QRyBNKIYsVO3mAX+7ChoQgTAhZ8xgYUePztQAbBYS6PgDmXkR7uC1SQYG2RswRnKMwe8Vjg1U7EWrxu1PRCtcanGPy7rExhnB7plur0QHf0RO+/1grC Gg0vZZ7VplY4e31nQ+tv/6pMnn0cfqr+9OzjAHOhV529OyHTuIXW1JdOqvX1+bXxYIKu6Jn9X1KN7vkGVulVu14Va+dIcAPk78/9E2xOZ2Tu2+pMOrsQtSKOYYxhkt97FlksYQU5PvcYVVzgMvYiDUkj0mgzVYpFmkF8 CWnqAxB7jpA=</latexit>
360 M 
<latexit sha1_base64="2ytKYI+zy9g7IDoPe80uKsrwaYQ=">AAACcHichVFNLwNBGH66vqq+iksT Bx8NEYfmXQRxEi4uEkWR0DS7a7Cx3V270ybV8AP8gR5ckIiIn+HiDzj0J4gbEhcHb7ebCIJ3MjPPPPM+7zwzo7uW6UuiakRpaGxqbom2xtraOzq74t09675T8AyRMRzL8TZ1zReWaYuMNKUlNl1PaHndEhv6wUJ tf6MoPN907DVZckU2r+3Z5q5paJKp7MQUnSzlytvOjiOPc/EkpSiIgZ9ADUESYSw78WtsYwcODBSQh4ANydiCBp/bFlQQXOayKDPnMTKDfYFjxFhb4CzBGRqzBzzu8WorZG1e12r6gdrgUyzuHisHMEwPdEMvdE +39Ejvv9YqBzVqXko863WtcHNdp4nVt39VeZ4l9j9Vf3qW2MVM4NVk727A1G5h1PXFo8rL6uzKcHmELumJ/V9Qle74Bnbx1bhKi5UzxPgD1O/P/ROsj6dUSqnpyeTcfPgVUfRhCKP83tOYwyKWkeFzD1HBOS4iz 0pC6VcG66lKJNT04ksoYx964o7F</latexit><latexit sha1_base64="2ytKYI+zy9g7IDoPe80uKsrwaYQ=">AAACcHichVFNLwNBGH66vqq+iksT Bx8NEYfmXQRxEi4uEkWR0DS7a7Cx3V270ybV8AP8gR5ckIiIn+HiDzj0J4gbEhcHb7ebCIJ3MjPPPPM+7zwzo7uW6UuiakRpaGxqbom2xtraOzq74t09675T8AyRMRzL8TZ1zReWaYuMNKUlNl1PaHndEhv6wUJ tf6MoPN907DVZckU2r+3Z5q5paJKp7MQUnSzlytvOjiOPc/EkpSiIgZ9ADUESYSw78WtsYwcODBSQh4ANydiCBp/bFlQQXOayKDPnMTKDfYFjxFhb4CzBGRqzBzzu8WorZG1e12r6gdrgUyzuHisHMEwPdEMvdE +39Ejvv9YqBzVqXko863WtcHNdp4nVt39VeZ4l9j9Vf3qW2MVM4NVk727A1G5h1PXFo8rL6uzKcHmELumJ/V9Qle74Bnbx1bhKi5UzxPgD1O/P/ROsj6dUSqnpyeTcfPgVUfRhCKP83tOYwyKWkeFzD1HBOS4iz 0pC6VcG66lKJNT04ksoYx964o7F</latexit><latexit sha1_base64="2ytKYI+zy9g7IDoPe80uKsrwaYQ=">AAACcHichVFNLwNBGH66vqq+iksT Bx8NEYfmXQRxEi4uEkWR0DS7a7Cx3V270ybV8AP8gR5ckIiIn+HiDzj0J4gbEhcHb7ebCIJ3MjPPPPM+7zwzo7uW6UuiakRpaGxqbom2xtraOzq74t09675T8AyRMRzL8TZ1zReWaYuMNKUlNl1PaHndEhv6wUJ tf6MoPN907DVZckU2r+3Z5q5paJKp7MQUnSzlytvOjiOPc/EkpSiIgZ9ADUESYSw78WtsYwcODBSQh4ANydiCBp/bFlQQXOayKDPnMTKDfYFjxFhb4CzBGRqzBzzu8WorZG1e12r6gdrgUyzuHisHMEwPdEMvdE +39Ejvv9YqBzVqXko863WtcHNdp4nVt39VeZ4l9j9Vf3qW2MVM4NVk727A1G5h1PXFo8rL6uzKcHmELumJ/V9Qle74Bnbx1bhKi5UzxPgD1O/P/ROsj6dUSqnpyeTcfPgVUfRhCKP83tOYwyKWkeFzD1HBOS4iz 0pC6VcG66lKJNT04ksoYx964o7F</latexit><latexit sha1_base64="2ytKYI+zy9g7IDoPe80uKsrwaYQ=">AAACcHichVFNLwNBGH66vqq+iksT Bx8NEYfmXQRxEi4uEkWR0DS7a7Cx3V270ybV8AP8gR5ckIiIn+HiDzj0J4gbEhcHb7ebCIJ3MjPPPPM+7zwzo7uW6UuiakRpaGxqbom2xtraOzq74t09675T8AyRMRzL8TZ1zReWaYuMNKUlNl1PaHndEhv6wUJ tf6MoPN907DVZckU2r+3Z5q5paJKp7MQUnSzlytvOjiOPc/EkpSiIgZ9ADUESYSw78WtsYwcODBSQh4ANydiCBp/bFlQQXOayKDPnMTKDfYFjxFhb4CzBGRqzBzzu8WorZG1e12r6gdrgUyzuHisHMEwPdEMvdE +39Ejvv9YqBzVqXko863WtcHNdp4nVt39VeZ4l9j9Vf3qW2MVM4NVk727A1G5h1PXFo8rL6uzKcHmELumJ/V9Qle74Bnbx1bhKi5UzxPgD1O/P/ROsj6dUSqnpyeTcfPgVUfRhCKP83tOYwyKWkeFzD1HBOS4iz 0pC6VcG66lKJNT04ksoYx964o7F</latexit>
0.7 Myr
<latexit sha1_base64="mUzjipAeOSlUkjhISAO1kr4nOc4=">AAACcXichVHLSgMxFD0d3/VVdaO4GV oUQSh3RFBciW7cCL5qBa1lZox1cF5kpoVa9AP8AQVXCiLiZ7jxB1z4CeKyghsX3k4HREW9IcnJyT03J4nh21YQEj0llJbWtvaOzq5kd09vX39qYHAz8MrSFDnTsz25ZeiBsC1X5EIrtMWWL4XuGLbIG4eLjf18RcjA8 tyNsOqLgqOXXGvfMvWQqV3KzqgntR3pqMtVeVxMZShLUag/gRaDDOJY8VI32MEePJgow4GAi5CxDR0Bt21oIPjMFVBjTjKyon2BYyRZW+YswRk6s4c8lni1HbMurxs1g0ht8ik2d8lKFWP0SLdUpwe6o2d6/7VWLarR 8FLl2WhqhV/sPx1ef/tX5fAc4uBT9afnEPuYjbxa7N2PmMYtzKa+cnRWX59bG6uN0xW9sP9LeqJ7voFbeTWvV8XaBZL8Adr35/4JNqeyGmW11enM/EL8FZ0YRRoT/N4zmMcSVpDjcyXOcYmrRF0ZUVQl3UxVErFmCF9C mfwAhASOwA==</latexit><latexit sha1_base64="mUzjipAeOSlUkjhISAO1kr4nOc4=">AAACcXichVHLSgMxFD0d3/VVdaO4GV oUQSh3RFBciW7cCL5qBa1lZox1cF5kpoVa9AP8AQVXCiLiZ7jxB1z4CeKyghsX3k4HREW9IcnJyT03J4nh21YQEj0llJbWtvaOzq5kd09vX39qYHAz8MrSFDnTsz25ZeiBsC1X5EIrtMWWL4XuGLbIG4eLjf18RcjA8 tyNsOqLgqOXXGvfMvWQqV3KzqgntR3pqMtVeVxMZShLUag/gRaDDOJY8VI32MEePJgow4GAi5CxDR0Bt21oIPjMFVBjTjKyon2BYyRZW+YswRk6s4c8lni1HbMurxs1g0ht8ik2d8lKFWP0SLdUpwe6o2d6/7VWLarR 8FLl2WhqhV/sPx1ef/tX5fAc4uBT9afnEPuYjbxa7N2PmMYtzKa+cnRWX59bG6uN0xW9sP9LeqJ7voFbeTWvV8XaBZL8Adr35/4JNqeyGmW11enM/EL8FZ0YRRoT/N4zmMcSVpDjcyXOcYmrRF0ZUVQl3UxVErFmCF9C mfwAhASOwA==</latexit><latexit sha1_base64="mUzjipAeOSlUkjhISAO1kr4nOc4=">AAACcXichVHLSgMxFD0d3/VVdaO4GV oUQSh3RFBciW7cCL5qBa1lZox1cF5kpoVa9AP8AQVXCiLiZ7jxB1z4CeKyghsX3k4HREW9IcnJyT03J4nh21YQEj0llJbWtvaOzq5kd09vX39qYHAz8MrSFDnTsz25ZeiBsC1X5EIrtMWWL4XuGLbIG4eLjf18RcjA8 tyNsOqLgqOXXGvfMvWQqV3KzqgntR3pqMtVeVxMZShLUag/gRaDDOJY8VI32MEePJgow4GAi5CxDR0Bt21oIPjMFVBjTjKyon2BYyRZW+YswRk6s4c8lni1HbMurxs1g0ht8ik2d8lKFWP0SLdUpwe6o2d6/7VWLarR 8FLl2WhqhV/sPx1ef/tX5fAc4uBT9afnEPuYjbxa7N2PmMYtzKa+cnRWX59bG6uN0xW9sP9LeqJ7voFbeTWvV8XaBZL8Adr35/4JNqeyGmW11enM/EL8FZ0YRRoT/N4zmMcSVpDjcyXOcYmrRF0ZUVQl3UxVErFmCF9C mfwAhASOwA==</latexit><latexit sha1_base64="mUzjipAeOSlUkjhISAO1kr4nOc4=">AAACcXichVHLSgMxFD0d3/VVdaO4GV oUQSh3RFBciW7cCL5qBa1lZox1cF5kpoVa9AP8AQVXCiLiZ7jxB1z4CeKyghsX3k4HREW9IcnJyT03J4nh21YQEj0llJbWtvaOzq5kd09vX39qYHAz8MrSFDnTsz25ZeiBsC1X5EIrtMWWL4XuGLbIG4eLjf18RcjA8 tyNsOqLgqOXXGvfMvWQqV3KzqgntR3pqMtVeVxMZShLUag/gRaDDOJY8VI32MEePJgow4GAi5CxDR0Bt21oIPjMFVBjTjKyon2BYyRZW+YswRk6s4c8lni1HbMurxs1g0ht8ik2d8lKFWP0SLdUpwe6o2d6/7VWLarR 8FLl2WhqhV/sPx1ef/tX5fAc4uBT9afnEPuYjbxa7N2PmMYtzKa+cnRWX59bG6uN0xW9sP9LeqJ7voFbeTWvV8XaBZL8Adr35/4JNqeyGmW11enM/EL8FZ0YRRoT/N4zmMcSVpDjcyXOcYmrRF0ZUVQl3UxVErFmCF9C mfwAhASOwA==</latexit>
(I) Z = 0
<latexit sha1_base64="HGm0mylo N7X/JyfJaYgmY9ktusw=">AAACZnichVHLSsNAFD2Nr1q1VkUU3BRLxVW5EU ERhKIbl33YKj6QJI41mCYhSQu1+AOCW7twpSAifoYbf8BF/0BxWcGNC2/TgK iod5iZM2fuuXNmRrUN3fWImiGpq7unty/cHxkYHIoOx0ZGi65VcTRR0CzDc jZVxRWGboqCp3uG2LQdoZRVQ2yoR6vt/Y2qcFzdMte9mi12y0rJ1A90TfGYy m8t014sQSnyI/4TyAFIIIiMFbvBDvZhQUMFZQiY8BgbUOBy24YMgs3cLurMO Yx0f1/gBBHWVjhLcIbC7BGPJV5tB6zJ63ZN11drfIrB3WFlHEl6pFtq0QPd 0TO9/1qr7tdoe6nxrHa0wt4bPp3Mv/2rKvPs4fBT9adnDwdY9L3q7N32mfYt tI6+etxo5ZdyyfoMXdEL+7+kJt3zDczqq3adFbkLRPgD5O/P/RMU51IypeTs fCK9EnxFGFOYxiy/9wLSWEMGBT63hDOcoxF6kqLSuDTRSZVCgWYMX0KKfwDg Dopb</latexit><latexit sha1_base64="HGm0mylo N7X/JyfJaYgmY9ktusw=">AAACZnichVHLSsNAFD2Nr1q1VkUU3BRLxVW5EU ERhKIbl33YKj6QJI41mCYhSQu1+AOCW7twpSAifoYbf8BF/0BxWcGNC2/TgK iod5iZM2fuuXNmRrUN3fWImiGpq7unty/cHxkYHIoOx0ZGi65VcTRR0CzDc jZVxRWGboqCp3uG2LQdoZRVQ2yoR6vt/Y2qcFzdMte9mi12y0rJ1A90TfGYy m8t014sQSnyI/4TyAFIIIiMFbvBDvZhQUMFZQiY8BgbUOBy24YMgs3cLurMO Yx0f1/gBBHWVjhLcIbC7BGPJV5tB6zJ63ZN11drfIrB3WFlHEl6pFtq0QPd 0TO9/1qr7tdoe6nxrHa0wt4bPp3Mv/2rKvPs4fBT9adnDwdY9L3q7N32mfYt tI6+etxo5ZdyyfoMXdEL+7+kJt3zDczqq3adFbkLRPgD5O/P/RMU51IypeTs fCK9EnxFGFOYxiy/9wLSWEMGBT63hDOcoxF6kqLSuDTRSZVCgWYMX0KKfwDg Dopb</latexit><latexit sha1_base64="HGm0mylo N7X/JyfJaYgmY9ktusw=">AAACZnichVHLSsNAFD2Nr1q1VkUU3BRLxVW5EU ERhKIbl33YKj6QJI41mCYhSQu1+AOCW7twpSAifoYbf8BF/0BxWcGNC2/TgK iod5iZM2fuuXNmRrUN3fWImiGpq7unty/cHxkYHIoOx0ZGi65VcTRR0CzDc jZVxRWGboqCp3uG2LQdoZRVQ2yoR6vt/Y2qcFzdMte9mi12y0rJ1A90TfGYy m8t014sQSnyI/4TyAFIIIiMFbvBDvZhQUMFZQiY8BgbUOBy24YMgs3cLurMO Yx0f1/gBBHWVjhLcIbC7BGPJV5tB6zJ63ZN11drfIrB3WFlHEl6pFtq0QPd 0TO9/1qr7tdoe6nxrHa0wt4bPp3Mv/2rKvPs4fBT9adnDwdY9L3q7N32mfYt tI6+etxo5ZdyyfoMXdEL+7+kJt3zDczqq3adFbkLRPgD5O/P/RMU51IypeTs fCK9EnxFGFOYxiy/9wLSWEMGBT63hDOcoxF6kqLSuDTRSZVCgWYMX0KKfwDg Dopb</latexit><latexit sha1_base64="HGm0mylo N7X/JyfJaYgmY9ktusw=">AAACZnichVHLSsNAFD2Nr1q1VkUU3BRLxVW5EU ERhKIbl33YKj6QJI41mCYhSQu1+AOCW7twpSAifoYbf8BF/0BxWcGNC2/TgK iod5iZM2fuuXNmRrUN3fWImiGpq7unty/cHxkYHIoOx0ZGi65VcTRR0CzDc jZVxRWGboqCp3uG2LQdoZRVQ2yoR6vt/Y2qcFzdMte9mi12y0rJ1A90TfGYy m8t014sQSnyI/4TyAFIIIiMFbvBDvZhQUMFZQiY8BgbUOBy24YMgs3cLurMO Yx0f1/gBBHWVjhLcIbC7BGPJV5tB6zJ63ZN11drfIrB3WFlHEl6pFtq0QPd 0TO9/1qr7tdoe6nxrHa0wt4bPp3Mv/2rKvPs4fBT9adnDwdY9L3q7N32mfYt tI6+etxo5ZdyyfoMXdEL+7+kJt3zDczqq3adFbkLRPgD5O/P/RMU51IypeTs fCK9EnxFGFOYxiy/9wLSWEMGBT63hDOcoxF6kqLSuDTRSZVCgWYMX0KKfwDg Dopb</latexit>
(a)
(b)
0.7 Myr
<latexit sha1_base64="mUzjipAeOSlUkjhISAO 1kr4nOc4=">AAACcXichVHLSgMxFD0d3/VVdaO4GVoUQSh3RFBciW7cCL5qBa1lZox1cF5kpoVa9AP8AQV XCiLiZ7jxB1z4CeKyghsX3k4HREW9IcnJyT03J4nh21YQEj0llJbWtvaOzq5kd09vX39qYHAz8MrSFDnT sz25ZeiBsC1X5EIrtMWWL4XuGLbIG4eLjf18RcjA8tyNsOqLgqOXXGvfMvWQqV3KzqgntR3pqMtVeVxMZS hLUag/gRaDDOJY8VI32MEePJgow4GAi5CxDR0Bt21oIPjMFVBjTjKyon2BYyRZW+YswRk6s4c8lni1HbMu rxs1g0ht8ik2d8lKFWP0SLdUpwe6o2d6/7VWLarR8FLl2WhqhV/sPx1ef/tX5fAc4uBT9afnEPuYjbxa7 N2PmMYtzKa+cnRWX59bG6uN0xW9sP9LeqJ7voFbeTWvV8XaBZL8Adr35/4JNqeyGmW11enM/EL8FZ0YRRo T/N4zmMcSVpDjcyXOcYmrRF0ZUVQl3UxVErFmCF9CmfwAhASOwA==</latexit><latexit sha1_base64="mUzjipAeOSlUkjhISAO 1kr4nOc4=">AAACcXichVHLSgMxFD0d3/VVdaO4GVoUQSh3RFBciW7cCL5qBa1lZox1cF5kpoVa9AP8AQV XCiLiZ7jxB1z4CeKyghsX3k4HREW9IcnJyT03J4nh21YQEj0llJbWtvaOzq5kd09vX39qYHAz8MrSFDnT sz25ZeiBsC1X5EIrtMWWL4XuGLbIG4eLjf18RcjA8tyNsOqLgqOXXGvfMvWQqV3KzqgntR3pqMtVeVxMZS hLUag/gRaDDOJY8VI32MEePJgow4GAi5CxDR0Bt21oIPjMFVBjTjKyon2BYyRZW+YswRk6s4c8lni1HbMu rxs1g0ht8ik2d8lKFWP0SLdUpwe6o2d6/7VWLarR8FLl2WhqhV/sPx1ef/tX5fAc4uBT9afnEPuYjbxa7 N2PmMYtzKa+cnRWX59bG6uN0xW9sP9LeqJ7voFbeTWvV8XaBZL8Adr35/4JNqeyGmW11enM/EL8FZ0YRRo T/N4zmMcSVpDjcyXOcYmrRF0ZUVQl3UxVErFmCF9CmfwAhASOwA==</latexit><latexit sha1_base64="mUzjipAeOSlUkjhISAO 1kr4nOc4=">AAACcXichVHLSgMxFD0d3/VVdaO4GVoUQSh3RFBciW7cCL5qBa1lZox1cF5kpoVa9AP8AQV XCiLiZ7jxB1z4CeKyghsX3k4HREW9IcnJyT03J4nh21YQEj0llJbWtvaOzq5kd09vX39qYHAz8MrSFDnT sz25ZeiBsC1X5EIrtMWWL4XuGLbIG4eLjf18RcjA8tyNsOqLgqOXXGvfMvWQqV3KzqgntR3pqMtVeVxMZS hLUag/gRaDDOJY8VI32MEePJgow4GAi5CxDR0Bt21oIPjMFVBjTjKyon2BYyRZW+YswRk6s4c8lni1HbMu rxs1g0ht8ik2d8lKFWP0SLdUpwe6o2d6/7VWLarR8FLl2WhqhV/sPx1ef/tX5fAc4uBT9afnEPuYjbxa7 N2PmMYtzKa+cnRWX59bG6uN0xW9sP9LeqJ7voFbeTWvV8XaBZL8Adr35/4JNqeyGmW11enM/EL8FZ0YRRo T/N4zmMcSVpDjcyXOcYmrRF0ZUVQl3UxVErFmCF9CmfwAhASOwA==</latexit><latexit sha1_base64="mUzjipAeOSlUkjhISAO 1kr4nOc4=">AAACcXichVHLSgMxFD0d3/VVdaO4GVoUQSh3RFBciW7cCL5qBa1lZox1cF5kpoVa9AP8AQV XCiLiZ7jxB1z4CeKyghsX3k4HREW9IcnJyT03J4nh21YQEj0llJbWtvaOzq5kd09vX39qYHAz8MrSFDnT sz25ZeiBsC1X5EIrtMWWL4XuGLbIG4eLjf18RcjA8tyNsOqLgqOXXGvfMvWQqV3KzqgntR3pqMtVeVxMZS hLUag/gRaDDOJY8VI32MEePJgow4GAi5CxDR0Bt21oIPjMFVBjTjKyon2BYyRZW+YswRk6s4c8lni1HbMu rxs1g0ht8ik2d8lKFWP0SLdUpwe6o2d6/7VWLarR8FLl2WhqhV/sPx1ef/tX5fAc4uBT9afnEPuYjbxa7 N2PmMYtzKa+cnRWX59bG6uN0xW9sP9LeqJ7voFbeTWvV8XaBZL8Adr35/4JNqeyGmW11enM/EL8FZ0YRRo T/N4zmMcSVpDjcyXOcYmrRF0ZUVQl3UxVErFmCF9CmfwAhASOwA==</latexit>
550 M 
<latexit sha1_base64="9w8H5NcNAsoqYcWrho 7ieiFmvKM=">AAACcHichVHLSsNAFD2N7/qquim48FEUcVFuxKK4Et24EVq1KmgpSZxqaJrEZFrQoh/g D3ThRgUR8TPc+AMu/ARxp4IbF96mAVFR7zAzZ87cc+fMjO5api+JHiJKU3NLa1t7R7Szq7unN9bXv+4 7Zc8QWcOxHG9T13xhmbbISlNaYtP1hFbSLbGhFxfr+xsV4fmmY6/JA1fkStqubRZMQ5NM5VIpOl7OV7e dHUce5WMJSlIQwz+BGoIEwkg7sStsYwcODJRRgoANydiCBp/bFlQQXOZyqDLnMTKDfYEjRFlb5izBGR qzRR53ebUVsjav6zX9QG3wKRZ3j5XDGKN7uqYXuqMbeqT3X2tVgxp1Lwc86w2tcPO9J/HVt39VJZ4l9j 5Vf3qWKGA28Gqydzdg6rcwGvrKYe1ldW5lrDpOF/TE/s/pgW75Bnbl1bjMiJVTRPkD1O/P/ROsTyVVS qqZ6cT8QvgV7RjEKCb4vWcwjyWkkeVz91HDGc4jz0pcGVJGGqlKJNQM4Esokx98747G</latexit><latexit sha1_base64="9w8H5NcNAsoqYcWrho 7ieiFmvKM=">AAACcHichVHLSsNAFD2N7/qquim48FEUcVFuxKK4Et24EVq1KmgpSZxqaJrEZFrQoh/g D3ThRgUR8TPc+AMu/ARxp4IbF96mAVFR7zAzZ87cc+fMjO5api+JHiJKU3NLa1t7R7Szq7unN9bXv+4 7Zc8QWcOxHG9T13xhmbbISlNaYtP1hFbSLbGhFxfr+xsV4fmmY6/JA1fkStqubRZMQ5NM5VIpOl7OV7e dHUce5WMJSlIQwz+BGoIEwkg7sStsYwcODJRRgoANydiCBp/bFlQQXOZyqDLnMTKDfYEjRFlb5izBGR qzRR53ebUVsjav6zX9QG3wKRZ3j5XDGKN7uqYXuqMbeqT3X2tVgxp1Lwc86w2tcPO9J/HVt39VJZ4l9j 5Vf3qWKGA28Gqydzdg6rcwGvrKYe1ldW5lrDpOF/TE/s/pgW75Bnbl1bjMiJVTRPkD1O/P/ROsTyVVS qqZ6cT8QvgV7RjEKCb4vWcwjyWkkeVz91HDGc4jz0pcGVJGGqlKJNQM4Esokx98747G</latexit><latexit sha1_base64="9w8H5NcNAsoqYcWrho 7ieiFmvKM=">AAACcHichVHLSsNAFD2N7/qquim48FEUcVFuxKK4Et24EVq1KmgpSZxqaJrEZFrQoh/g D3ThRgUR8TPc+AMu/ARxp4IbF96mAVFR7zAzZ87cc+fMjO5api+JHiJKU3NLa1t7R7Szq7unN9bXv+4 7Zc8QWcOxHG9T13xhmbbISlNaYtP1hFbSLbGhFxfr+xsV4fmmY6/JA1fkStqubRZMQ5NM5VIpOl7OV7e dHUce5WMJSlIQwz+BGoIEwkg7sStsYwcODJRRgoANydiCBp/bFlQQXOZyqDLnMTKDfYEjRFlb5izBGR qzRR53ebUVsjav6zX9QG3wKRZ3j5XDGKN7uqYXuqMbeqT3X2tVgxp1Lwc86w2tcPO9J/HVt39VJZ4l9j 5Vf3qWKGA28Gqydzdg6rcwGvrKYe1ldW5lrDpOF/TE/s/pgW75Bnbl1bjMiJVTRPkD1O/P/ROsTyVVS qqZ6cT8QvgV7RjEKCb4vWcwjyWkkeVz91HDGc4jz0pcGVJGGqlKJNQM4Esokx98747G</latexit><latexit sha1_base64="9w8H5NcNAsoqYcWrho 7ieiFmvKM=">AAACcHichVHLSsNAFD2N7/qquim48FEUcVFuxKK4Et24EVq1KmgpSZxqaJrEZFrQoh/g D3ThRgUR8TPc+AMu/ARxp4IbF96mAVFR7zAzZ87cc+fMjO5api+JHiJKU3NLa1t7R7Szq7unN9bXv+4 7Zc8QWcOxHG9T13xhmbbISlNaYtP1hFbSLbGhFxfr+xsV4fmmY6/JA1fkStqubRZMQ5NM5VIpOl7OV7e dHUce5WMJSlIQwz+BGoIEwkg7sStsYwcODJRRgoANydiCBp/bFlQQXOZyqDLnMTKDfYEjRFlb5izBGR qzRR53ebUVsjav6zX9QG3wKRZ3j5XDGKN7uqYXuqMbeqT3X2tVgxp1Lwc86w2tcPO9J/HVt39VJZ4l9j 5Vf3qWKGA28Gqydzdg6rcwGvrKYe1ldW5lrDpOF/TE/s/pgW75Bnbl1bjMiJVTRPkD1O/P/ROsTyVVS qqZ6cT8QvgV7RjEKCb4vWcwjyWkkeVz91HDGc4jz0pcGVJGGqlKJNQM4Esokx98747G</latexit>
10
5
a
u
<latexit sha1_base64="R/1N2Gdqrsvtxh1oBb5D/gzYgMo="></latexit><latexit sha1_base64="R/1N2Gdqrsvtxh1oBb5D/gzYgMo="></latexit><latexit sha1_base64="R/1N2Gdqrsvtxh1oBb5D/gzYgMo="></latexit><latexit sha1_base64="R/1N2Gdqrsvtxh1oBb5D/gzYgMo="></latexit>
53 M 
<latexit sha1_base64="yp7kAqgFr6VvWw399MKxsRJ v/jE=">AAACcHichVFNLwNBGH66vuuruEgclIaIQ/OujxAn4eIiaUuR0DS7a8rGdnftTpvQ8AP8AQcXlYiIn+HiDzj 4CeKGxMXB2+0mguCdzMwzz7zPO8/M6K5l+pLoIaI0NDY1t7S2Rds7Oru6Yz29a75T8gyRNRzL8TZ0zReWaYusNKUl NlxPaEXdEuv63mJtf70sPN907FV54IpcUduxzYJpaJKpXHx68ng5X9lyth15lI8lKElBxH8CNQQJhJFyYlfYwjYcG CihCAEbkrEFDT63TagguMzlUGHOY2QG+wJHiLK2xFmCMzRm93jc4dVmyNq8rtX0A7XBp1jcPVbGMUL3dE0vdEc39Ej vv9aqBDVqXg541uta4ea7T/pX3v5VFXmW2P1U/elZooDZwKvJ3t2Aqd3CqOvLh6cvK3OZkcooXdAT+6/SA93yDezy q3GZFpkzRPkD1O/P/ROsTSRVSqrpqcT8QvgVrRjAMMb4vWcwjyWkkOVz93GKc1Qjz0q/MqgM1VOVSKjpw5dQxj8AW BGOtA==</latexit><latexit sha1_base64="yp7kAqgFr6VvWw399MKxsRJ v/jE=">AAACcHichVFNLwNBGH66vuuruEgclIaIQ/OujxAn4eIiaUuR0DS7a8rGdnftTpvQ8AP8AQcXlYiIn+HiDzj 4CeKGxMXB2+0mguCdzMwzz7zPO8/M6K5l+pLoIaI0NDY1t7S2Rds7Oru6Yz29a75T8gyRNRzL8TZ0zReWaYusNKUl NlxPaEXdEuv63mJtf70sPN907FV54IpcUduxzYJpaJKpXHx68ng5X9lyth15lI8lKElBxH8CNQQJhJFyYlfYwjYcG CihCAEbkrEFDT63TagguMzlUGHOY2QG+wJHiLK2xFmCMzRm93jc4dVmyNq8rtX0A7XBp1jcPVbGMUL3dE0vdEc39Ej vv9aqBDVqXg541uta4ea7T/pX3v5VFXmW2P1U/elZooDZwKvJ3t2Aqd3CqOvLh6cvK3OZkcooXdAT+6/SA93yDezy q3GZFpkzRPkD1O/P/ROsTSRVSqrpqcT8QvgVrRjAMMb4vWcwjyWkkOVz93GKc1Qjz0q/MqgM1VOVSKjpw5dQxj8AW BGOtA==</latexit><latexit sha1_base64="yp7kAqgFr6VvWw399MKxsRJ v/jE=">AAACcHichVFNLwNBGH66vuuruEgclIaIQ/OujxAn4eIiaUuR0DS7a8rGdnftTpvQ8AP8AQcXlYiIn+HiDzj 4CeKGxMXB2+0mguCdzMwzz7zPO8/M6K5l+pLoIaI0NDY1t7S2Rds7Oru6Yz29a75T8gyRNRzL8TZ0zReWaYusNKUl NlxPaEXdEuv63mJtf70sPN907FV54IpcUduxzYJpaJKpXHx68ng5X9lyth15lI8lKElBxH8CNQQJhJFyYlfYwjYcG CihCAEbkrEFDT63TagguMzlUGHOY2QG+wJHiLK2xFmCMzRm93jc4dVmyNq8rtX0A7XBp1jcPVbGMUL3dE0vdEc39Ej vv9aqBDVqXg541uta4ea7T/pX3v5VFXmW2P1U/elZooDZwKvJ3t2Aqd3CqOvLh6cvK3OZkcooXdAT+6/SA93yDezy q3GZFpkzRPkD1O/P/ROsTSRVSqrpqcT8QvgVrRjAMMb4vWcwjyWkkOVz93GKc1Qjz0q/MqgM1VOVSKjpw5dQxj8AW BGOtA==</latexit><latexit sha1_base64="yp7kAqgFr6VvWw399MKxsRJ v/jE=">AAACcHichVFNLwNBGH66vuuruEgclIaIQ/OujxAn4eIiaUuR0DS7a8rGdnftTpvQ8AP8AQcXlYiIn+HiDzj 4CeKGxMXB2+0mguCdzMwzz7zPO8/M6K5l+pLoIaI0NDY1t7S2Rds7Oru6Yz29a75T8gyRNRzL8TZ0zReWaYusNKUl NlxPaEXdEuv63mJtf70sPN907FV54IpcUduxzYJpaJKpXHx68ng5X9lyth15lI8lKElBxH8CNQQJhJFyYlfYwjYcG CihCAEbkrEFDT63TagguMzlUGHOY2QG+wJHiLK2xFmCMzRm93jc4dVmyNq8rtX0A7XBp1jcPVbGMUL3dE0vdEc39Ej vv9aqBDVqXg541uta4ea7T/pX3v5VFXmW2P1U/elZooDZwKvJ3t2Aqd3CqOvLh6cvK3OZkcooXdAT+6/SA93yDezy q3GZFpkzRPkD1O/P/ROsTSRVSqrpqcT8QvgVrRjAMMb4vWcwjyWkkOVz93GKc1Qjz0q/MqgM1VOVSKjpw5dQxj8AW BGOtA==</latexit>
0.04 Myr
<latexit sha1_base64="n4ypa1qA1dO4dcyVzxjmNT EY19Y=">AAACdHichVHLSsNAFD2Nr1ofrboRdFEsFVfhRgqKK9GNG8FXbUGlJHHU0LxI0kIt+gH+gIuuFEXEz3 DjD7jwE8SlohsX3qQBUVFvmMyZM/fcOTNXc03DD4geElJHZ1d3T7I31dc/MJjODA1v+k7N00VRd0zHK2uqL0zDF sXACExRdj2hWpopSlp1Mdwv1YXnG469ETRcsWOp+7axZ+hqwFQlkyaZCtnj5rZnZZcb3lElk2MmiuxPoMQghzhW nMwVtrELBzpqsCBgI2BsQoXP3xYUEFzmdtBkzmNkRPsCR0ixtsZZgjNUZqv83+fVVszavA5r+pFa51NMHh4rs8 jTPV3TM93RDT3S+6+1mlGN0EuDZ62tFW4lfTK6/vavyuI5wMGn6k/PAfYwG3k12LsbMeEt9La+fnj6vD63lm9O0 jk9sf8zeqBbvoFdf9EvV8VaCylugPL9uX+CzWlZIVlZLeTmF+JWJDGGCUzxe89gHktYQTHqSQsXuEy8SuNSTsq3 U6VErBnBl5DkD4zDjyg=</latexit><latexit sha1_base64="n4ypa1qA1dO4dcyVzxjmNT EY19Y=">AAACdHichVHLSsNAFD2Nr1ofrboRdFEsFVfhRgqKK9GNG8FXbUGlJHHU0LxI0kIt+gH+gIuuFEXEz3 DjD7jwE8SlohsX3qQBUVFvmMyZM/fcOTNXc03DD4geElJHZ1d3T7I31dc/MJjODA1v+k7N00VRd0zHK2uqL0zDF sXACExRdj2hWpopSlp1Mdwv1YXnG469ETRcsWOp+7axZ+hqwFQlkyaZCtnj5rZnZZcb3lElk2MmiuxPoMQghzhW nMwVtrELBzpqsCBgI2BsQoXP3xYUEFzmdtBkzmNkRPsCR0ixtsZZgjNUZqv83+fVVszavA5r+pFa51NMHh4rs8 jTPV3TM93RDT3S+6+1mlGN0EuDZ62tFW4lfTK6/vavyuI5wMGn6k/PAfYwG3k12LsbMeEt9La+fnj6vD63lm9O0 jk9sf8zeqBbvoFdf9EvV8VaCylugPL9uX+CzWlZIVlZLeTmF+JWJDGGCUzxe89gHktYQTHqSQsXuEy8SuNSTsq3 U6VErBnBl5DkD4zDjyg=</latexit><latexit sha1_base64="n4ypa1qA1dO4dcyVzxjmNT EY19Y=">AAACdHichVHLSsNAFD2Nr1ofrboRdFEsFVfhRgqKK9GNG8FXbUGlJHHU0LxI0kIt+gH+gIuuFEXEz3 DjD7jwE8SlohsX3qQBUVFvmMyZM/fcOTNXc03DD4geElJHZ1d3T7I31dc/MJjODA1v+k7N00VRd0zHK2uqL0zDF sXACExRdj2hWpopSlp1Mdwv1YXnG469ETRcsWOp+7axZ+hqwFQlkyaZCtnj5rZnZZcb3lElk2MmiuxPoMQghzhW nMwVtrELBzpqsCBgI2BsQoXP3xYUEFzmdtBkzmNkRPsCR0ixtsZZgjNUZqv83+fVVszavA5r+pFa51NMHh4rs8 jTPV3TM93RDT3S+6+1mlGN0EuDZ62tFW4lfTK6/vavyuI5wMGn6k/PAfYwG3k12LsbMeEt9La+fnj6vD63lm9O0 jk9sf8zeqBbvoFdf9EvV8VaCylugPL9uX+CzWlZIVlZLeTmF+JWJDGGCUzxe89gHktYQTHqSQsXuEy8SuNSTsq3 U6VErBnBl5DkD4zDjyg=</latexit><latexit sha1_base64="n4ypa1qA1dO4dcyVzxjmNT EY19Y=">AAACdHichVHLSsNAFD2Nr1ofrboRdFEsFVfhRgqKK9GNG8FXbUGlJHHU0LxI0kIt+gH+gIuuFEXEz3 DjD7jwE8SlohsX3qQBUVFvmMyZM/fcOTNXc03DD4geElJHZ1d3T7I31dc/MJjODA1v+k7N00VRd0zHK2uqL0zDF sXACExRdj2hWpopSlp1Mdwv1YXnG469ETRcsWOp+7axZ+hqwFQlkyaZCtnj5rZnZZcb3lElk2MmiuxPoMQghzhW nMwVtrELBzpqsCBgI2BsQoXP3xYUEFzmdtBkzmNkRPsCR0ixtsZZgjNUZqv83+fVVszavA5r+pFa51NMHh4rs8 jTPV3TM93RDT3S+6+1mlGN0EuDZ62tFW4lfTK6/vavyuI5wMGn6k/PAfYwG3k12LsbMeEt9La+fnj6vD63lm9O0 jk9sf8zeqBbvoFdf9EvV8VaCylugPL9uX+CzWlZIVlZLeTmF+JWJDGGCUzxe89gHktYQTHqSQsXuEy8SuNSTsq3 U6VErBnBl5DkD4zDjyg=</latexit>
lo
g
T
[K
]
<latexit sha1_base64="TS3jgtSKRvVX7NjiV/8SJWtJ/24="></latexit><latexit sha1_base64="TS3jgtSKRvVX7NjiV/8SJWtJ/24="></latexit><latexit sha1_base64="TS3jgtSKRvVX7NjiV/8SJWtJ/24="></latexit><latexit sha1_base64="TS3jgtSKRvVX7NjiV/8SJWtJ/24="></latexit>
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Figure 10. Comparison of the accretion envelope structure under radiative feedback between models ZP (left column) and Z0m (right
column), i.e., the opposite extremes with Z = 0 and 1 Z. For each column, the top and bottom panels show snapshots at the different
epochs of (a) the polar breakout of the bubble, and (b) almost the end of the stellar mass growth via accretion. Each panel illustrates
the spatial distribution of the number density nH (upper right), gas temperature T (upper left), abundance of H2 (lower right) and Hii
(lower left).
later time, radiative feedback starts operating and the ac-
cretion history depends on the metallicity in a way that
the final mass is lower, or the feedback is stronger, at lower
metallicities. This metallicity dependence comes from the
dust attenuation of ionizing photons, which can be seen in
the following analytic argument. The photoionization feed-
back quenches the accretion by the photoevaporation of an
accretion disk, which proceeds most efficiently near the grav-
itational radius
rg =
GM∗
c2i
' 2.8 × 103 au
(
M∗
500 M
)
(19)
(e.g.,;), where ci
is the sound speed of the ionized gas for which we assume
T = 2.5 × 104 K. Equations () and () indicate that the
gravitational radius is located outside the dust destruction
front and thus the ionizing photons around the gravitational
radius is attenuated by dust grains. Using the disk surface
density at r ∼ rg set by the ionization balance,
n0 =
(
3S∗
4pir3gαB
)1/2
' 5 × 106 cm−3
(
S∗
1051 s−1
)1/2 ( M∗
500 M
)−3/2
, (20)
where S∗ is the stellar emissivity of ionizing photons, we find
the optical depth from the star to the gravitational radius,
τd = ρκdrg
= 2.5
(
S∗
1051 s−1
)1/2 ( M∗
200 M
)−1/2 ( κd
350 cm2g−1
) (
Z
10−2 Z
)
,
(21)
larger than unity for Z & 10−2 Z, where κd is the dust
opacity for Lyman-limit frequency at the solar metallicity,
meaning that the photoionizing radiation is substantially at-
tenuated by the dust, especially at higher metallicity. This
explains the trend of weaker feedback at higher metallicity
seen in Figure. According to recent studies (2018;), the impact of photoioniza-
tion is significantly diminished by the dust attenuation at
the solar metallicity. In fact, in our cases with Z = 0.1Z
(Z-1m) and 1Z (Z0m), the photoionization effect being
disabled by this process, the accretion continues until the
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star becomes very massive with > 300M and the radiation-
pressure feedback finally shuts off the inflow. In this process,
the radiation force by the infrared dust re-emission also con-
tributes in terminating the accretion (see Equation ()). In
particular, it can also repel the flow coming from the shade
of the disk, for which the radiation force by the stellar direct
light is ineffective (e.g.,;
et al.;). Our results suggest that
the metallicity dependence of the radiation-pressure effect is
weaker than that of the photoionization owing to the dust
attenuation in metal-enriched environments. As a result, the
final stellar mass increases with increasing metallicity for
Z > 10−2Z.
Figure shows the structure of the accretion envelope
and disk at two epochs for the ZP (with Z = 0 from the
envelope structure of 10−3Z) and Z0m (with Z = Z from
the envelope structure of 10−2Z) cases. Overall evolution-
ary features in these cases are similar to that in the case with
Z = 10−2Z (Z-2) shown in Figure, but with the following
notable differences. In the case of Z = 0 (ZP: left panels),
secondary bubble, which is driven by the radiation force on
the dust, does not appear (c.f. Figure-c), and the tem-
perature and density within the Hii region are much higher
even in the late stage at t ' 0.7 Myr. In the case of Z = Z
(Z0m: right panels), on the other hand, the secondary bubble
starts expanding as early as 0.1 Myr, simultaneously with
the formation of the Hii region. The density and temperature
within the bubble are always low and the outflow velocity is
very high. From those observations, we can say that the case
with Z = 10−2Z shown in Figure is intermediate between
the cases above in terms of the envelope evolution by radia-
tive feedback although the protostellar accretion is mainly
regulated by the photoionization effect as in the Z = 0 case.
4 SUMMARY & DISCUSSION
We have studied the formation of massive metal-poor
stars in a cosmological context. To this end, we have per-
formed a set of radiation-hydrodynamics simulations and fol-
lowed long-term evolution of the protostellar accretion. We
consider both photoionization and radiation force on dust
grains as important feedback mechanisms. We have stud-
ied the case with Z = 10−2 Z (case Z-2) to examine the
role of individual feedback processes. In order to clarify the
dependence on metallicity, we have also studied the cases
with varying metallicity but with using the same envelope
structure that is constructed by calculating preceding cloud
collapse. Our findings are summarized as follows:
(i) With (Z ≤ 10−2 Z), massive stars exceeding 100 M
can form by accretion. Photoionization is the dominant
mechanism regulating the accretion flow onto the proto-
star and eventually terminates the mass accretion, simi-
larly in the case of primordial (Z = 0) star formation. At
Z = 10−2Z, radiation force exerted on dust grains drives
rapid expansion of a bubble within the Hii region, but its
overall impact against the accretion flow is limited.
(ii) The final stellar mass is higher at lower metallicities,
560 M for Z = 0, 440 M for 10−3 Z, and 190 M for
10−2 Z, respectively. Although the ionizing photon emis-
sivity at a given stellar mass does not sensitively depend
on metallicity, the accretion rate onto the star is smaller at
higher metallicities because of more efficient cooling in the
collapse phase. This explains the decrease of the final stellar
mass as metallicity increases.
(iii) For a given envelope structure, radiative feedback is
stronger at Z = 10−2 Z than at Z ∼ Z. In the ordinary
metal-poor range of Z > 10−2 Z, ionizing photons are ab-
sorbed by dust grains, and photoionization of the accretion
disk is suppressed. The radiation force eventually terminates
the mass accretion, but only after the protostar grows to
300 M. The final stellar mass increases from 190 M for
10−2 Z to 360 M for Z for our initial conditions.
The points (i) and (ii) above suggest that, even in metal-
poor environments at Z ∼ 10−2 Z, massive stars are formed
in a similar manner as in primordial star formation, although
with somewhat smaller mass (190 M) than the Z = 0 case
(440 M). We argue that the metallicity-dependence of the
final stellar mass is attributed to the difference in thermal
evolution during the early collapse stage at Z < 10−2 Z
than by the feedback process.
The last point (iii) indicates that, at metallicities Z &
10−2 Z, very massive star formation is relatively easier be-
cause of the dust attenuation of ionizing photons that oth-
erwise effectively halt accretion. Interestingly, this is oppo-
site to the usual belief that massive star formation is harder
if dust grains exist because of effective radiation-pressure
feedback. Simply, photoionization effect becomes stronger
at Z ∼ 10−2 Z, with less dust attenuation compared to the
case with Z = Z Observationally, massive stars exceeding
200 M exist in the Large Magellanic Cloud, whose average
metallicity is ' 0.4 Z (e.g.,).
We discuss an important issue regarding disk fragmen-
tation, which our 2D simulations cannot properly capture. It
has been shown by 3D simulations that protostellar disks are
prone to fragmentation in primordial star formation (e.g.,Machida et al.;;)
as well as in present-day star formation (e.g.,2017,). Dust cooling can promote fragmentation with
high metallicities (). As discussed in
Section, the disks with Z = 10−3−10−2 Z are more un-
stable gravitationally than that of Z = 0. What happens af-
ter fragmentation is still poorly constrained, unfortunately.
In particular, it remains uncertain how many fragments sur-
vive without merging with the central star (e.g.,;Chon & Hosokawa). Very roughly,. a half the fragments
appear to survive in 3D simulations of the primordial star
formation and some of them may end up with binaries. If
similar events also occur in very metal-poor environments,
massive star binaries would be formed. Such low-metallicity
binaries, can be possible progenitors of binary black holes
that eventually become sources of gravitational waves (e.g.,Abbott et al.,). 3D radiation hydrodynamic simula-
tions for those topics are awaited in future studies.
In the present paper, we have studied radiative feed-
back from accreting protostars only. Other effects such as
magnetically driven outflows may also contribute to lim-
iting the final stellar mass. Recent magneto-hydrodynamic
(MHD) simulations suggest that massive outflow is launched
as an outcome of rapid disk accretion (e.g.,2017;o¨lligan & Kuiper) and the outflow properties
are consistent with observations (e.g.).
Other MHD simulations show outflow launching in very
MNRAS 000,– (2018)
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metal-poor cases (e.g.,) although they
generally follow only short-term evolution after the birth
of the protostar. Further radiation-magneto-hydrodynamic
simulations are warranted for future studies on this topic.
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APPENDIX A: NUMERICAL METHOD
A1 Chemical Networks
In Table, we summarize the rates of chemical reac-
tions relevant with H,H2,H−,H+ and e incorporated in our
simulations. We also consider C+, O, O+, and O2+ as com-
ponents of heavy elements.
A2 Thermal Processes
In Table, we summarize the heating and cooling pro-
cesses incorporated in our simulations. In what follows, we
describe the details of each process.
A2.1 line cooling
As discussed in Section, we consider cooling of H2
rovibrational transitions, atomic fine structure transitions of
Cii and Oi, collisional excitation of Oii and Oiii:
Λ9 = ΛH2 + ΛCII + ΛOI + ΛOII + ΛOIII. (A1)
For cooling of H2 rovibrational transitions, we use the cool-
ing function obtained by () and the escape
probability given by (). We calculate
the cooling rate of atomic transitions as ():
ΛX =
1
ρ
∑
(i→j)
niAi ji jhνi j, (A2)
where the label X represents Cii, Oi, Oii and Oiii, and the
labels i and j correspond with the energy levels. In Equation
(), ni and Ai j are the number density at the energy level
i and the Einstein coefficient of energy transition i → j.
The number density of each energy level is obtained by the
solving statistical equilibrium equation as
ni
∑
j,i
qi j =
∑
j,i
njqji, (A3)
where qi j represents the transition rate between the energy
level i → j:
qi j =
{
Ai ji j +
∑
k γ
k
i j
nk for i > j∑
k γ
k
i j
nk for i < j,
(A4)
In Equation (), γk
i j
is the collisional excitation/de-
excitation rates. Same as (), we use the
rates of Oi and Cii given by ()
and (). For O ii and Oiii, we use the
rates of () and (). In
Equation (), we use the formula of escape probability i j
of () in the same way as ().
A2.2 OII & OIII abundance in Hii regions
We estimate Oii and Oiii abundance assuming the bal-
ance between ionization of Oii and recombination of Oiii
as
nOII (ROII + neξcoll) = nOIIIneαOIII. (A5)
The recombination rate αOIII is given by
Storey () and (), and the colli-
sional ionization rate ξcol is obtained by ().
The photoionization rate of OII is estimated as
ROII =
∫ ∞
νOII
dνσOII(ν)Fνhν , (A6)
where σOII and νOII are the cross section and ionization limit
frequency of νOII ().
A2.3 Hydrogen photoionization and photodissociation
The photoionization rate R1 and the photoheating rate
Γ2 is estimated as
R1 = yHI
∫ ∞
νl
dνσHI(ν)Fνhν , (A7)
Γ2 =
1
ρ
nHI
∫ ∞
νl
dνσHI(ν)Fν h (ν − νL)hν . (A8)
The photodissociation rate of H2 is estimated as (
Bertoldi;)
R2 = fshield
(
NH2
)
e−τd,fuv IdissnH2, (A9)
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Table A1. Chemical Reactions
Number Reaction Rate Coefficient Reference
H1 H+ + e→ H + γ kH1 = 2.753 × 10−14 (315614/T )1.5
[
1 + (115188/T )0.407
]−2.242 (case B) 1
H2 H + e→ H− + γ kH2 = 1.4 × 10−18T 0.928 exp(−T/1.62 × 104) 2
H3 H− + H→ H2 + e kH3 = 1.35 × 10−9
[
T 0.098493 + 0.32852T 0.5561 + 2.771 × 10−7T 2.1826] 6
/[1 + 6.191 × 10−3T 1.0461 + 8.9712 × 10−11T 3.0424 + 3.2576 × 10−14T 3.7741]
H4 H2 + H→ 3H kH4 = k1−aH kaL 3
kL = 1.12 × 10−10 exp(−7.035 × 104/T )
kH = 6.5 × 10−7T−1/2 exp(−5.2 × 104/T ) [1 − exp(−6000/T )]
a = (1 + n/ncr)−1
log10 (ncr) = 4.0 − 0.416 log10
(
T/104
)
− 0.327
[
log10
(
T/104
)]2
H5 3H→ H2 + H kH5 = 6 × 10−32T−0.25 + 2 × 10−31T−0.5 4
H6 2H + H2 → 2H2 kH6 = kH5/8 5
H7 2H2 → 2H + H2 kH7 = k1−ahigh kalow 5
klow = 1.18 × 10−10 exp(−6.95 × 104/T )
khigh = 8.125 × 10−8T−1/2 exp(−5.2 × 104/T ) [1 − exp(−6000/T )]
a = (1 + n/ncr)−1
log10(ncr) = 4.845 − 1.3 log10
(
T/104
)
+ 1.62
[
log10
(
T/104
)]2
H8 2H + grain→ H2 kH8 = 6.0 × 10−17
√
T/300 fa (Z/Z) [1.0 + 4.0 × 10−2
√
T +Tgr + 2.0 × 10−3T + 8.0 × 10−6T 2]−1 8
fa = [1.0 + exp(7.5 × 102(1/75 −T−1gr ))]−1
H9 H + e→ H+ + 2e kH9 = exp[−32.71396786 + 13.536556 × (lnT (ev)) − 5.73932875 (lnT (ev))2 + 1.56315498 (lnT (ev))3 7
−0.2877056 (lnT (ev))4 + 3.48255977 × 10−2 (lnT (ev))5 − 2.63197617 × 10−3 (lnT (ev))6
+1.11954395 × 10−4 (lnT (ev))7 − 2.03914985 × 10−6 (lnT (ev))8
H11 H2 + e→ 2H + e kH11 = 4.4 × 10−10T 0.35 exp(−1.02 × 105/T ) 2
H12 2H→ H+ + e + H kH12 = 1.7 × 10−4kH11 2
H13 H− + e→ H + 2e kH13 = exp[−18.01849334 + 2.3608522 × (lnT (ev)) − 0.28274430 (lnT (ev))2 + 1.62331664 × 10−2 (lnT (ev))3 7
−3.36501203 × 10−2 (lnT (ev))4 + 1.17832978 × 10−2 (lnT (ev))5 − 1.65619470 × 10−3 (lnT (ev))6
+1.06827520 × 10−4 (lnT (ev))7 − 2.63128581 × 10−6 (lnT (ev))8
H14 H− + H+ → 2H kH14 = 6.3 × 10−8 + 5.7 × 10−6/T 0.5 − 9.2 × 10−11T 0.5 + 4.4 × 10−13T 2
RH1 H + hν → H+ + e R1 Eq. ()
RH2 H2 + hν → 2H R2 Eq. ()
References. (1) (); (2) (); (3) (); (4) (); (5) ();
(6) (); (7) (); (8) ()
Table A2. Thermal Processes
Number Process Rate (erg cm−3 s−1) Reference
Heating
1 H2 formation Γ1 = [ 3.53(1 + ncr/nH)−1kH3n(H)n(H−) + 4.48(1 + ncr/nH)−1kH5n3(H)
+
(
0.2 + 4.2(1 + ncr/nH)−1
)
kH8n
2(H)] eV
ncr = 106T−1/2/
{
1.6n(H)/nH exp[−(400/T )2] + 1.4n(H2)/nH exp[−1200/(T + 1200)]
}
cm−3 1,2
2 H photoionization Γ2 Eq. ()
Cooling
1 H2 dissociation Λ1 = 4.48 [ kH4n(H2)n(H) + kH7n2(H2) + kH11n(H)n(e) ] eV 1,2
2 H ionization Λ2 = 13.6 [ kH9n(H)n(e) + kH12n2(H) ] eV 1,2
3 H− free-bound emission Λ3 = 0.755 kH2n(H)n(e) eV 6
4 H excitation Λ4 = 7.5 × 10−19
[
1 + (T/105 K)1/2]−1 exp[−118348/T ]n(H)n(e) 3
5 H recombination Λ5 = 2/3kBTkH1n(H+)n(e) 4
6 Free-free Λ6 = 1.426 × 10−27T−1/2g f f (T ; 1)n(H)n(e) 5
g f f (T ; Z) = 0.79464 + 0.1243 log 10(T/Z2) T/Z2 < 32000 K
= 2.13164 − 0.1240 log 10(T/Z2) T/Z2 > 32000 K
7 Compton Λ7 = 1.017 × 10−37T 4CMB(T −TCMB)n(e) 3
8 Gas-grain heat transfer Λ8 = 5.83 × 10−8nHρ
(
T/103 K
)1/2 [1 − 0.8 exp(−75 K/T )] (T −Tgr) (Z/Z) d 1,2
9 Line cooling Λ9 = ΛH2 + ΛCII + ΛOI + ΛOII + ΛOIII
References. (1) () (2) () (3) () (4) () (5) () (6)
et al. ()
MNRAS 000,– (2018)
Massive Very Metal-Poor Stars 17
where e−τd,fuv is the optical depth of dust grains for FUV
photons and Idiss ' 4 × 10−11GFUV s−1 represents the pho-
todissociation rate without self-shielding. Here, GFUV is esti-
mated as GFUV = LFUV/(4pir2FISRF) where LFUV is luminos-
ity of FUV and FISRF = 1.6 × 10−3 erg cm−2 s−1. We consider
the self-shielding of H2 and the self-shielding rate fshield is
estimated as
fshild =

1
(
NH2 < N1
)(
NH2/N1
)−3/4 (N1 < NH2 < N2)
0
(
NH2 > N2
)
,
(A10)
where NH2 is the column density of H2 molecules, N1 =
1014 cm−2, and N2 = 1022 cm−2 (e.g.,).
A2.4 Dust grains
We estimate the dust temperature assuming the energy
balance among (1) dust thermal emission, (2) absorption of
the stellar direct light, (3) absorption of the diffuse light,
and (4) energy transport from the gas. We use the opacity
table of () and the energy transport rate
between dust and gas given as
Λ8 = 5.83 × 10−8nH
(
T
103 K
)1/2 [
1 − 0.8 exp
(−75K
T
)] (
T − Tgr
)
(A11)
(e.g.,;). We
also consider the sublimation of dust grains above a thresh-
old temperature Tvap = gρβ , where g = 2000 and β = 0.0195
(). When the dust temperature exceeds
this value, we decrease the dust abundance over a local dy-
namical timescale.
APPENDIX B: CONVERGENCE TESTS
In order to examine numerical convergence, we here per-
form additional 2D simulations for which we vary the spatial
resolution and size of the sink cell. We use the snapshot at
the end of the early collapse stage at Z = 0 as the initial
condition for those simulations, as in case ZP described in
the main part. Figure shows the accretion histories for
the cases with the default resolution (Nr · Nθ ) = (150 · 40),
the higher resolution (Nr · Nθ ) = (240 · 60), and the smaller
sink radius 10 au with the same cell sizes as with the default
resolution. In comparison to the fiducial model ZP, the final
stellar masses decrease in the other cases, but the differ-
ences are less than a few × 10 %. The decreasing rate of the
mass accretion rate is almost the same after the protostar
accretes gas of 400 M. Owing to high computational costs,
we decide that the resolution of (Nr · Nθ ) = (150 · 40) and the
sink radius of 30 au are sufficient to investigate massive star
formation in our framework.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure B1. Evolution of the mass accretion rates at Z = 0 for the
fiducial case ZP (blue), the smaller sink of 10 au (150 ·40, orange),
and the higher resolution (Nr · Nθ = 240 · 60, green).
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